The fracture mechanics of bone. by Boreham, S. H.
ITHE FRACTURE MECHANICS OF BONE 
BY
S. H. BOREHAM
A d i s s e r t a t i o n  su b m itte d  f o r  th e  degree o f  
D octor o f  P h ilo so p h y  a t  th e  U n iv e r s i ty  o f  
S u rre y •
March 1979
ProQuest Number: 10798298
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uest
ProQuest 10798298
Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLC.
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106- 1346
SUMMARY
The o b je c t iv e s  o f  t h i s  s tu d y  a re  to  ap p ly  th e  d i s c ip l in e  
o f  f r a c tu r e  m echanics to  bone, and develop  a t e s t  method to  
m easure a r e le v a n t  f r a c tu r e  p ro p e r ty .
Some o f  th e  more co n v e n tio n a l m echanical p r o p e r t ie s  a re  
f i r s t  exam ined. I t  i s  dem onstra ted  th a t  bone i s  h e te ro g en e o u s , 
a n is o t r o p ic  and a n e l a s t i c .  I t  i s  a ls o  r e l a t i v e l y  b r i t t l e  when 
compared w ith  o th e r  common lo a d  b e a r in g  m a te r ia l s .
These p r o p e r t ie s  a re  n o t s u i t a b le  fo r  th e  u se  o f  l i n e a r  
e l a s t i c  f r a c tu r e  m echanics, and i t  i s  argued  th a t  a more 
g e n e ra l approach  i s  ad o p ted , c e n tre d  around th e  G -r if f i th  
energy  b a la n c e .
The th e o ry  o f  q u a s i s t a t i c  c ra c k  growth i s  b ased  on t h i s  
p r in c ip l e ,  and i s  d e s c r ib e d . The concept o f  c rack  s t a b i l i t y  
i s  in tro d u c e d .
The th e o ry  and v a r io u s  p r a c t i c a l  c r i t e r i a  a r e  th en  u se d  
to  desig n  a t e s t  r ig  and specim en f o r  m easuring  th e  work o f  
f r a c tu r e  (R ). Both r i g  and specim en a re  th o ro u g h ly  t e s t e d  
f o r  accu racy  and c o n s is te n c y .
T e s ts  a re  c a r r ie d  o u t on specim ens o f  Bovine fem oral 
c o r te x , and th e  r e s u l t in g  v a lu e s  o f  work o f f r a c tu r e  c o r r e ­
l a t e d  w ith  ash  w eigh t and u l t im a te  t e n s i l e  s t r e s s .  I t  i s  
shown th a t ,  f o r  th e  f i r s t  10 mm o f  c ra c k in g , R in c re a s e s  
r a p id ly  w ith  crack  e x te n s io n . There i s  a ls o  a s i g n i f i c a n t  
c o r r e la t io n  between R and crack  v e lo c i ty .
On s e v e ra l  specim ens, c rac k in g  became u n s ta b le .  T h is 
was c h a ra c te r is e d  by a v e ry  d ram atic  in c re a s e  in- c ra c k  v e l o c i t y ,  
and a change in  th e  appearance o f  th e  f r a c tu r e  s u r f a c e s .
A second s e r i e s  o f  t e s t s  a re  d e sc r ib e d  in  w hich a t t e n t i o n
i s  fo cu sse d  on th e  f i r s t  10 mm o f c rack in g  over a range o f 
d i f f e r e n t  c ra c k le n g th s .
From the  r e s u l t i n g  d a ta , i t  i s  su g g es ted  th a t  f r a c tu r e  
may he d iv id e d  in to  k r e g io n s . A th e o r e t i c a l  m odel, b a sed  
on the  e f f e c t s  o f t i e d  c rac k  f a c e s ,  i s  developed and shown 
to  f i t  th e  ex p e rim en ta l r e s u l t s .
In  th e  p e n u ltim a te  c h a p te r , th e  dependance o f  R on c ra c k  
v e lo c i ty  i s  exam ined, and compared w ith  th e  b eh av io u r o f  
o th e r  m a te r ia ls .  The s t r a i n  r a t e  dependancy o f  Young*s 
modulus and th e  u l t im a te  t e n s i l e  s t r e s s  i s  r e l a t e d  to  the  work 
o f  f r a c tu r e  and c rack  v e lo c i ty .  I t  i s  shown th a t ,  to  an 
ap p ro x im a tio n , th e  a n a ly s is  f i t s  th e  ex p e rim e n ta l r e s u l t s .
The concep t o f  ad h esiv e  and cohesive  f r a c tu r e  i s  i n t r o ­
duced. I t  i s  su g g e s ted  th a t  th e  change from ad h e s iv e  to  
cohesive  f r a c tu r e ,  w hich w i l l  o ccu r a t  a c r i t i c a l  c rac k  sp eed , 
i s  a ls o  synonymous w ith  th e  t r a n s i t i o n  from s ta b le  to  u n s ta b le  
f r a c tu r e .
F in a l ly ,  some developm ents o f  th e  t e s t  method and  o th e r  
s u i t a b le  to p ic s  f o r  f u tu re  r e s e a rc h  a re  su g g e s ted .
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CHAPTER 1
In tro d u c tio n
1*1 J u s t i f i c a t i o n  o f  th e  work
The m echanical p ro p e r t ie s  o f  hone have h ee n  s tu d ie d  f o r  
a c o n s id e ra b le  p e r io d  o f  tim e . Evans (1 ) c i t e s  G a li le o  a s  
th e  v e ry  f i r s t  p e rso n  to  m ention th e  s u b je c t ,  a lth o u g h  
W ertheim (2) p ro h a h ly  c a r r ie d  o u t th e  f i r s t  s e r io u s  s tu d y  in  
1847.
U n t i l  f a i r l y  r e c e n t ly ,  say  th e  end o f th e  l a s t  w ar, 
w orkers were concerned  w ith  in v e s t ig a t in g  th e  m echan ica l 
p r o p e r t ie s  o f  hone f o r  two re a s o n s . The f i r s t  was a fundam enta l 
c u r io s i t y  in  u n d e rs ta n d in g  th e  mechanism hy which hone r e s i s t e d  
m echanical lo a d in g ; what gave hone i t s  s t r e n g th  and s t i f f n e s s .  
The second was to  u n d e rs ta n d  th e  mechanism o f  W olff * s law , 
th e  r e l a t io n s h ip  betw een hone growth and m echan ical s t r e s s e s .
To d a te ,  no one has f u l l y  succeeded  in  e i t h e r  o f  th e s e  
o b je c t iv e s ,  and a s  such  th e y  rem ain v a l i d  f o r  r e s e a rc h  work 
to d a y .
There a r e ,  how ever, im p o rta n t p r a c t i c a l  re a s o n s  f o r  
s tu d y in g  the  m echanical p r o p e r t ie s  o f  hone, w hich have 
developed  a s  a r e s u l t  o f  th e  r a p id  p o s t-w ar te c h n o lo g ic a l  
ex p an sio n , p a r t i c u l a r l y  in  m edical e n g in e e r in g .
( i )  Bone p ro s th e s e s
Where j o i n t s  become c r ip p le d  and im m ob ilised  hy  a r t h r i t i s ,  
an e f f e c t iv e  remedy i s  to  remove th e  j o i n t  and r e p la c e  i t  w ith  
a m anufactu red  p r o s th e s i s .  T h is has heen  done v e ry  s u c c e s s ­
f u l l y  w ith  the  h ip  j o i n t ,  and p ro to ty p e  d es ig n s  a r e  a l r e a d y  
b e in g  t e s t e d  f o r  th e  knee and sh o u ld e r j o i n t s .
F or a s u c c e s s fu l  d e s ig n , th e  m echanical p r o p e r t ie s  o f  
th e  h o s t  m a te r ia l  must he known, so th a t  th e  t r a n s f e r  o f  
m echan ical lo a d in g  from  hone to  p r o s th e s is  and hack  a g a in  
may he done a s  e f f i c i e n t l y  a s  p o s s ib le .
( i i )  M echanical p r o p e r t ie s  o f  hone a s  a s a f e ty  d e s ig n  
c r i t e r i o n
As man* s t r a n s p o r ta t io n  becomes f a s t e r ,  th e  n eed  f o r  good 
a c c id e n t p r o te c t io n  and s a f e ty  desig n  becomes more im p o r ta n t. 
T h is must in c lu d e  a good u n d e rs ta n d in g  o f  th e  im pact r e s i s t a n t  
q u a l i t i e s  o f  th e  human s k e le to n , and th e  c h a r a c t e r i s t i c s  o f  
hone f r a c tu r e .
( i i i )  Bone em b rittle m en t
C e r ta in  ty p es  o f  hone b re a k  more e a s i l y  than  o th e r s .
T h is i s  t y p ic a l ly  t r u e  o f  o ld  p eo p les  h o n es , f o r  whom even a 
sim ple f r a c tu r e  may r e p re s e n t  a s e r io u s  h e a l th  h a z a rd . To he 
a b le  to  e f f e c t  an e f f i c i e n t  remedy, th e  r e le v a n t  c h a r a c te r ­
i s t i c s  o f  b o th  h e a lth y  and abnorm al hone t i s s u e  must h e  known.
( iv )  P la te s  and  screw s f o r  f r a c tu r e  f i x a t i o n
F or r a p id  and a c c u ra te  hone rem o d e llin g  a f t e r  f r a c t u r e ,  
i t  i s  e s s e n t i a l  t h a t  th e  two f r a c tu r e d  ends a re  m ated and 
im m obilised . N orm ally t h i s  i s  a c h iev e d  u s in g  a c a s in g  o f  
p l a s t e r  o f  p a r i s .  Sometimes, how ever, i t  i s  n e c e s s a ry  to  f i x  
th e  f r a c tu r e d  ends to g e th e r  u s in g  p la t e s  and sc rew s. A 
s c i e n t i f i c  s tu d y  o f  th e  m echan ica l p r o p e r t ie s  o f  hone i s  a g a in  
c l e a r ly  w arran ted , i f  a  good d es ig n  o f  p la t e ,  screw s and  o th e r  
a s s o c ia te d  item s i s  to he  o b ta in e d .
1 .2  O b je c tiv e s
A p rev io u s  s tu d y  (3 ) on th e  m echan ical p r o p e r t ie s  o f  bone 
concluded  th a t  (am ongst o th e r  th in g s )  i n t e r n a l  c a v i t i e s  and 
in h o m o g en e itie s  a c te d  a s  p rim ary  so u rce s  o f  weakness in  th e  
t e n s i l e  s t r e n g th  o f  c o r t i c a l  bone specim ens.
H i th e r to ,  th e  t e n s i l e  s t r e n g th  o f  bone h ad  been  m easured 
u s in g  sim ple te n s io n  t e s t  p ie c e s  to  produce th e  u l t im a te  
t e n s i l e  s t r e s s .  S ince t h i s  i s  m easured by d iv id in g  th e  
maximum lo a d  s u s ta in e d  by the  c r o s s - s e c t io n  a r e a ,  i t  i s  an 
* a v e ra g e ' p ro p e r ty  which ta k e s  no acco u n t o f  th e s e  i n t e r n a l  
c a v i t i e s  and  in h o m o g en e itie s .
M oreover, a sim ple  te n s io n  t e s t  g e n e ra l ly  in d u c es  
f a i l u r e  by a number o f  d i f f e r e n t  mechanisms. The f r a c tu r e  
o f  a  m ild  s t e e l  specim en in  sim ple  te n s io n , f o r  exam ple, 
in c lu d e s  lo c a l  n ec k in g , p l a s t i c  s l i p ,  v o id  fo rm a tio n  around  
p a r t i c u l a t e  in c lu s io n s  and v o id  co a lescen c e  ( 4 ) .  T h is  may 
w e ll obscure th e  w eakening mechanism o f  th e  i n t e r n a l  c a v i t i e s ,  
and makes an u n d e rs ta n d in g  o f  th e  s t r e n g th  o f  bone v e ry  
d i f f i c u l t .
A nother f in d in g  o f  the  s tu d y , in  agreem ent w ith  e a r l i e r  
p u b l ic a t io n s  ( e .g .  5) was t h a t  bone i s  r e l a t i v e l y  b r i t t l e ,
w ith  a maximum t o t a l  s t r a i n  to  f r a c tu r e  o f  abou t 5%.
The r o le  o f  in t e r n a l  f la w s  on b r i t t l e  f r a c tu r e  form s th e  
b a s i s  o f  f r a c tu r e  m echanics. The o b je c t iv e  o f  t h i s  s tu d y  i s  
th e re fo re  to  in v e s t ig a te  th e  f a i l u r e  mechanism o f  bone t i s s u e  
u s in g  f r a c tu r e  m echanics. T h is  i s  a  f a i r l y  b ro a d  fram ework 
to  conduct a  th r e e  y e a r  s tu d y , and i t  was re c o g n is e d  th a t  th e  
in v e s t ig a t io n  shou ld  be d iv id e d  in to  th re e  s e p a ra te  s ta g e s :
( i )  An exam ination  o f  f r a c tu r e  m echanics to  a s s e s s  i t s  
s u i t a b i l i t y  f o r  bone t i s s u e .
( i i )  The d es ig n  and c o n s tru c tio n  o f  a t e s t  m ethod to  
m easure th e  f r a c tu r e  toughness o f hone.
( i i i )  Use o f  th e  t e s t  method to  in v e s t ig a te  hone 
f r a c tu r e .
C h ap te rs  2 , 3 and k  a re  dev o ted  to  th e  f i r s t  s ta g e ,
C h ap ter 5 i s  a d e s c r ip t io n  o f  th e  t e s t  method, and i t s  u se  
i s  d is c u s se d  in  C h ap te rs  6 , 7 and 8 .
1 .3  D i f f i c u l t i e s  in  s tu d y in g  th e  M echanical p r o p e r t i e s
o f  Bone•
The s t r u c tu r e  and n a tu re  o f  hone t i s s u e  a re  v e ry  
d i f f e r e n t  from th o se  o f  m anufactu red  lo a d  h e a r in g  m a te r i a l s .  
S ince e x p e rim en ta l and th e o r e t i c a l  te c h n iq u e s  u sed  to  s tu d y  
lo a d  h e a r in g  p r o p e r t ie s  a re  b a sed  around  m anufac tu red  
m a te r ia l s ,  s e v e ra l  s e r io u s  d i f f i c u l t i e s  a r i s e  when th e  
te c h n iq u e s  a re  a p p l ie d  to  bone.
( i )  The p r o p e r t ie s  o f  bone a re  o n ly  o f  i n t e r e s t  when 
th e y  r e l a t e  to  th e  f l i v e f m a te r ia l  in  the  body . 'In -v iv o *  
s tu d ie s  on th e  m echanical p r o p e r t ie s  o f  bone p r e s e n t ,  how ever, 
enormous p r a c t i c a l  d i f f i c u l t i e s .  The in v e s t ig a to r  u s u a l ly  
has to  e x t r a c t  bones from an im als  and t e s t  them * i n - v i t r o  *- i , 
assum ing t h a t  th e  p r o p e r t ie s  have n o t changed w ith  tim e .
T h is h a s , to  a c e r t a in  e x te n t  been  v in d ic a te d  by B lack  and  
K o ro s to ff  (6) who m easured th e  dynamic m oduli o f  bone 
specim ens v ery  q u ic k ly  a f t e r  am p u ta tio n . The specim ens were 
a ls o  s to re d  in  a s t e r i l e  grow th medium, and i t  was d em o n stra ted  
th a t  th e  bone was s t i l l  a l iv e  a t  th e  tim e o f  t e s t i n g .  R e s u lts  
from th e  t e s t  compared w e ll w ith  com parative ' i n - v i t r o '  s tu d ie s
( i i )  I t  i s  im p o ssib le  to  e x t r a c t  any m a te r ia l  e lem en t 
from  a g iven  bone, w ith in  which th e  e lem ent s t r u c t u r e  may be
assumed to  be homogeneous. Bone may th e re fo re  be c o n s id e re d  
a s  a ' s t r u c t u r e ' ,  r a th e r  th a n  a m a te r ia l ,  a t  a l l  l e v e l s  o f  
o rg a n iz a t io n  in c lu d in g  th e  m olecu lar, and t h i s  complex n a tu re  
makes th e  s iz e  o f  m achined specim en an im p o rtan t v a r ia b le  
to  b e  c o n s id e red  in  a l l  t e s t s  (7)
( i i i )  Bone i s  form ed n a t u r a l l y  from lo n g  and ex tre m e ly  
co m p lica ted  m o lecu les , and th e  s t r u c tu r e  i s  n o t y e t  co m p le te ly  
u n d e rs to o d . I s  i s  a l s o  im p o ssib le  to  f i x  one s e t  o f  v a r ia b le s  
w h i ls t  m easuring th e  e f f e c t s  o f  v a ry in g  a n o th e r . To overcome 
t h i s ,  th e  in v e s t ig a to r  u s u a l ly  m easures a number o f  d i f f e r e n t  
v a r ia b le s  from s e v e ra l  specim ens, and then  c o r r e l a t e s  th e  
o b s e rv a tio n s .
T h is  in tro d u c e s  h ig h  ex p e rim en ta l s c a t t e r ,  and  th e  
in v e s t ig a to r  has no p ro o f  th a t  a l l  r e le v a n t  v a r ia b le s  have 
been  m easured, and  th a t  a l l  c o n t ro l le d  v a r ia b le s  a re  
independan t from each  o th e r .
( iv )  Bone s t r u c tu r e  changes w ith  tim e. Not o n ly  do 
bones grow, b u t  a ls o  o ld  m a te r ia l  i s  e roded  o r  re s o rb e d  in  
d i s c r e te  p o c k e ts , w ith  new m a te r ia l  (o f te n  o f  a  d i f f e r e n t  
s t r u c tu r e )  b e in g  su b se q u en tly  l a i d  down in  i t s  p la c e .
(v ) Whole b o n e s , in  g e n e ra l ,  have i r r e g u l a r  sh a p e s .
T h is means th a t  machined specim ens a re  d i f f i c u l t  to  p roduce 
and a re  s e v e re ly  c o n s tra in e d  in  s iz e  and sh ap e . S e c u re ly  
g r ip p in g  th e  ends o f  a bone i s  a ls o  d i f f i c u l t ,  when co n d u c tin g  
m echan ical t e s t s  on whole b o n es .
1 .4 .  Choice o f  M a te r ia l
A lthough s im ila r  ty p es  o f  bone a re  found  in  d i f f e r e n t  
an im a ls , i t  i s  s e n s ib le  to  l im i t  specim ens to  one p a r t i c u l a r  
bone. T h is i s  to  promote specim en u n ifo rm ity . T hus, a l th o u g h
i t  cannot be s a id  t h a t  one specim en i s  i d e n t i c a l  to  a n o th e r  
w ith  a b s o lu te  c e r t a in ty ,  th e  v a r i a t io n s  in  m a te r ia l  s t r u c tu r e  
betw een each specim en can be k e p t to  a  minimum.
To make t h i s  s tu d y  more r e le v a n t  to  the  c l i n i c a l  
a p p l ic a t io n s  m entioned  in  s e c t io n  1 .1 ,  i t  would have been  
b e s t  to  use  a human b o n e , say th e  fem ur o r  t i b i a .  Human 
bone w as, how ever, d i f f i c u l t  to  o b ta in  in  r e g u la r  and 
p l e n t i f u l  s u p p l ie s .  M oreover, th e  m a jo r i ty  o f  human bone 
would have come from  e ld e r ly  p eo p le  who do n o t ,  on th e  whole 
have norm al and h e a l th y  b o n es . T h is  i s  im p o rtan t i f  a 
'n o rm a l1 d a ta  b ase  i s  b e in g  e s ta b l i s h e d .
Conversely, th e  young bov ine  fem ur i s  v e ry  p l e n t i f u l  
and  te n d s  to  have a  s im i la r  background, w herever i t  i s  o b ta in e d . 
The bone a ls o  comes from young a d u l ts  ( 2 - 3  y e a rs  o ld )  who 
were p e r f e c t ly  h e a l th y  a t  th e  tim e o f  d e a th .
F or th e se  r e a s o n s , th e  m a te r ia l  u sed  in  t h i s  s tu d y  h as  
been  co n fin e d  to  th a t  o f  th e  young bo v in e  fem ur, a s  o b ta in e d  
from lo c a l  b u tc h e r s .
1 .5  O r ie n ta t io n  o f  Bone Specim ens
I t  w i l l  be seen  in  C h ap ter 2 t h a t  th e  s t r u c t u r e  and  
m echan ical p r o p e r t ie s  o f  bone a re  a n i s o t r o p ic .
F o r r e fe re n c e  p u rp o se s , th e  o r ie n ta t io n s  shown in  
F ig . 1 .1  w i l l  be u sed . Sometimes i t  i s  p o s s ib le  to  assume 
th a t  th e  p r o p e r t ie s  in  th e  r a d i a l  and ta n g e n t i a l  d i r e c t io n s  
a re  e q u a l. The two may th e n  be combined, and r e f e r r e d  to  a s  
t r a n s v e r s e .

CHAPTER 2
Bone S tru c tu r e  and M echanical P ro p e r t ie s
2 .1  C o n s ti tu e n ts  o f  Bone T issu e
Bone i s  a  com posite m a te r ia l  c o n s is t in g  o f  an in t im a te  
com bination  o f  c o lla g e n  and v a r io u s  forms o f  ca lc ium  p h o sp h a te . 
There i s  a l s o  some w a te r  p r e s e n t ,  o f  o rd e r  10$ by w e ig h t, 
and th e  m a te r ia l  i s  perm eated  w ith  c a v i t i e s ,  th e  l a r g e s t  o f  
w hich may be m il l im e te r s  long  and o f  o rd e r  0 .05  mm in  
d ia m e te r. T races o f o th e r  p r o te in s ,  n o ta b ly  m ucopo lysaccharides 
a re  a l s o  found  in  most ty p e s  o f  bone (8 -1 1 ) .
C o llag en  makes up ab o u t 50$ o f th e  volum e, o r  30$ o f  
th e  dry  w eigh t o f  norm al b o n e . I t  p ro v id e s  th e  framework 
f o r  th e  m a te r ia l ,  g iv in g  bones t h e i r  shape, and p e rh ap s  f o r  
t h i s  reaso n  i s  o f te n  c a l le d  th e  o rg a n ic  m a tr ix  in  bone (1 1 ) .
The fundam en tal b u i ld in g  b lo c k  o f  c o lla g e n  i s  th e  
tro p p o c o lla g e n  m o lecu le , which i s  form ed from  3 p o ly p e p tid e  
c h a in s . These a re  h e l i c a l  m o lecu les which combine in  a 
t r i p l e  su p er h e l ix  o f  o rd e r  300 nm lo n g  by 1 .5  nm d ia m e te r 
(1 2 ,1 3 )•  These lo n g  and th in  m acrom oleculee a g g re g a te  to  
form m ic r o f ib r i l s  w hich may be seen  under th e  e le c t r o n  
m icroscope ( s e e ,  eg . 1 2 ) . A lthough  a la rg e  amount o f  work 
has been  c a r r i e d  o u t on th e  s t r u c tu r e  o f  th e  m i c r o f i b r i l ,  th e  
th re e  d im ensional a r r a y  and th e  n a tu re  and lo c a t io n  o f  th e  
c ro s s  l in k s  betw een in d iv id u a l  m o lecu les a re  n o t f u l l y  
u n d e rs to o d .
M ille r  and  P a rry  (li+) have su g g e s ted  a th re e -d im e n s io n a l 
s t r u c tu r e  f o r  th e  m ic r o f ib r i l ,  a s  shown in  f i g  2 .1 .  Note 
t h a t  th e  5 s t r a n d  u n i t  has a r e p e a t in g  p a t te r n  o f  p e r io d
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67  nm and th a t  th e re  a re  v a r io u s  spaces w ith in  th e  m ic r o f ib r i l .  
The p e r io d ic i ty  g iv e s  r i s e  to  a h ig h ly  d i s t i n c t i v e  s t r i p e d  
p a t te r n  when th e  m ic r o f ib r i l  i s  s tu d ie d  u n d er th e  e le c t ro n  
m icroscope*
M ic ro f ib r i ls  a r e  p ro b ab ly  packed in to  a h e l i c a l  s t r u c tu r e  
to  form a co n tin u o u s f ib ro u s  network* A sim ple an a lo g y  w ith  
rope i s  o f te n  su g g e s ted  (eg . 3> 14) f o r  th e  s t r u c t u r e  o f  
c o lla g e n . In d iv id u a l  s t r a n d s  a r e  c o i le d  to g e th e r  to  form 
th r e a d s .  These a re  th en  c o i le d  in  the  o p p o s ite  sen se  to  form  
l a r g e r  u n i t s .  T h is can th en  be re p e a te d  u n t i l  th e  f u l l  rope 
d ia m ete r i s  re a c h e d .
The purpose o f  t h i s  i s  sim ply to  u se  f r i c t i o n  to  h o ld  
th e  in d iv id u a l  s t r a n d s  to g e th e r ,  th u s  e n a b lin g  a rope many 
m eters  lo n g  to  abso rb  m echan ical lo a d in g  even when th e  
in d iv id u a l  s tr a n d s  from which i t  i s  b u i l t  a r e  on ly  a few 
m il l im e te r s  lo n g . A lthough t h i s  may b e  p a r t l y  t r u e  f o r  
c o l la g e n , i t  i s  u n l ik e ly  to  be th e  o n ly  reaso n  f o r  th e  c o i le d  
s t r u c tu r e .
The b io lo g ic a l  demands made on c o l la g e n , in c lu d in g  i t s  
s y n th e s is  and in te r a c t io n s  w ith  c e l l s  a n d  o th e r  t i s s u e  
c o n s t i tu e n ts  su g g est a  h ig h ly  o rd e re d  and complex s t r u c t u r e  
t h a t  has been w id e ly  dem onstra ted  f o r  th e  g lo b u la r  
p r o te in s  ( 1 3 )*
The rem ainder o f th e  b u lk  o f  bone t i s s u e  c o n s is t s  o f th e  
m in e ra l calcium  p h o sp h a te , which e x i s t s  in  b o th  an amorphous 
and c r y s t a l l i n e  p h ase , th e  l a t t e r  h av in g  a s t r u c tu r e  s im i la r  
to  h y d ro x y a p a tite . A re c e n t  ex p e rim en ta l s tu d y  (14) o b ta in e d  
v a lu e s  betw een 51$ and 59$ f o r  th e  p ro p o r tio n  o f c r y s t a l l i n e  
m in e ra l p r e s e n t .  The s ig n i f ic a n c e  o f  t h i s  in  te rm s o f  th e  
m echanical p r o p e r t ie s  o f  bone i s  n o t known, a lth o u g h  i t  i s
p o s s ib le  th a t  some o f  th e  amorphous m in e ra l i s  u se d  to  f i l l  
th e  c a v i t i e s  w ith in  th e  c o lla g e n  m icro i  r i l ,  which a re  too  
sm all f o r  th e  c r y s t a l s  (15)* T h is would a s s i s t  in  r a i s i n g  
th e  s t i f f n e s s  o f  th e  c o lla g e n  m ic r o f ib r i l ,  and im prove th e  
o v e r a l l  t e n s i l e  modulus o f  bone.
The c r y s ta l s  have a maximum dim ension o f  around  
40 -  200 nm, and a minimum o f o n ly  4 nm (1 6 ) , w ith  th e  
maximum dim ension te n d in g  to  be  o r ie n te d  in  th e  same p lan e  
a s  th e  c o lla g e n  m ic r o f ib r i l .  The a c tu a l  shape o f  th e  c r y s t a l s  
i s  a t  p re s e n t  s u b je c t  to  c o n s id e ra b le  argum ent, a lth o u g h  i t  
would ap p ear th a t  th e y  a r e  e i t h e r  n ee d le  o r  p l a t e  shaped .
I t  i s  a l s o  n o t  known w hether th e  c r y s t a l s  jo in  to g e th e r  
to  form la rg e  m asses o f  m in e ra l b u t ,  because  o f  th e  la rg e  
amount o f  c o lla g e n  p r e s e n t ,  t h i s  must be u n l ik e ly  (17 )•
M oreover, th e  c o llag e n  and  m in e ra l ph ases can o n ly  be 
d is t in g u is h e d  u n d er th e  e le c t ro n  m icroscope. I f  e i t h e r  phase 
i s  removed u s in g , f o r  exam ple, a s u i t a b le  s o lv e n t ,  th e  
h i s t o lo g ic a l  s t r u c tu r e  o f  th e  bone rem ains c o h e re n t.
B io lo g is t s  u se  t h i s  f a c t  to  o b ta in  ex trem ely  th in  (e g .
5 m icron) s e c t io n s  o f  bone f o r  o b se rv a tio n  u n d er th e  o p t i c a l  
m icroscope; once th e  calcium  phospha te  has been  rem oved, 
th e  t i s s u e  becomes s u f f i c i e n t l y  s o f t  to  u se  a m icrotom e.
I t  i s  th e re fo r e  a lm ost c e r t a in  (17) t h a t  some form  o f 
m o lecu la r bonding e x i s t s  betw een th e  m in e ra l and  c o l la g e n  
f i b r i l ,  a lth o u g h  th e  n a tu re  o f  i t  has y e t  to  be d is c o v e re d  ( 1 3 )* 
F in a l ly ,  most ty p es  o f  bone t i s s u e  c o n ta in  b lo o d  v e s s e ls  
and s e v e ra l  d i f f e r e n t  ty p es  o f  c a v ity  w hich, from  a m ech an ica l 
p o in t  o f  v iew , must be reg a rd e d  a s  d i s c o n t in u i t i e s .  These 
may be c l a s s i f i e d  in  descend ing  o rd e r  o f  s iz e .
( i )  R eso rp tio n  c a v i t i e s
These ty p es o f  c a v ity  a re  the  l a r g e s t  o c c u rr in g  
r e g u la r ly  in  hone t i s s u e ,  w ith  a sh o r t  dim ension o f  s e v e ra l  
hundred  m icrons and a maximum le n g th  o f  s e v e ra l  mm. When
th e  c a v ity  i s  s t i l l  b e in g  form ed, o r  when r e s o r p t io n  has
j u s t  ceased , th e  w a lls  o f  th e  r e s o rp t io n  c a v i ty  a re  ragged  
(3)* Once new bone i s  l a i d  down, however, th e  s u r fa c e s  
become much sm oother.
( i i )  Major b lo o d  v e s s e ls
In  a long  b o n e , th e se  te n d  to  run lo n g i tu d in a l ly ,  and
/
in  g e n e ra l do n o t p ass  d i r e c t l y  th rough  th e  c o r te x  (1 9 ) .
The d iam ete r o f  the  b lo o d  v e s s e ls  i s  o f  o rd e r  20j^m9 and 
th e  le n g th  can ex ten d  f o r  s e v e ra l  m i l l im e te r s .
( i i i )  Lacunae
Perm eated th ro u g h o u t the  m a te r ia l  a re  la rg e  numbers o f  
bone c e l l s ,  lodged  in  c a v i t i e s  known as  Lacunae. These a re  
d isc u s  shaped , w ith  t h e i r  lo n g  a x is  te n d in g  to  l i e  
lo n g i tu d in a l ly .  The d im ensions o f  a lacu n a  a r e  o f  o rd e r  
5 micron x 1 m icron.
( iv )  C a n a l ic u l i
T his i s  th e  name g iven  to  th e  numerous sm all p ro c e s se s  
which ex ten d  from  each  la c u n a . They have a d ia m e te r  o f  
o rd e r  0 .2ykm, and may ex ten d  to  d is ta n c e s  o f  50y6tm.
2 .2  D if fe re n t  Bone S tru c tu r e s
The m ajor c o n s t i tu e n ts  o f  bone t i s s u e  a re  th e  c o lla g e n
m ic r o f ib r i l ,  amorphous ca lcium  phosphate  and t in y  c r y s ta l s  
o f  hydroxy a p a t i t e .  These combine in  v a r io u s  p ro p o r t io n s  
and arrangem ents to  form  th e  many d i f f e r e n t  ty p e s  o f  bone 
t i s s u e .  A sim ple b u t e f f e c t iv e  system  o f  c l a s s i f i c a t i o n  can 
be seen in  f i g .  2 .2 ,  rep ro d u ced  from  r e f  17.
Thus, a t  th e  f i r s t  l e v e l  o f o b s e rv a tio n , bone t i s s u e  
can be d i f f e r e n t i a t e d  in to  th a t  in  which th e re  i s  an o rd e re d  
arrangem ent o f  f i b r e s  ( la m e lla r  b o n e ) , and th a t  in  w hich th e  
f i b r e s  a re  more o r  l e s s  randomly o r ie n te d  (woven b o n e ) .
I t  i s  im p o rtan t to  n o te ,  how ever, t h a t  th e  f i b r i l s  do 
n o t  a l l  have th e  same o r i e n ta t io n  w ith in  one la m e l la .  I t  
h as been shown t h a t  (12) in  some la m e lla e  a t  l e a s t ,  th e  
f i b r i l s  in  any p a r t i c u l a r  la m e lla  a re  o r ie n te d  in  sm a ll 
dom ains, t y p ic a l ly  30 -  100yum a c ro s s .  There i s ,  how ever, 
g e n e ra l ly  a p r e f e r r e d  o r ie n ta t io n  w ith in  one la m e lla  and  th e  
r e l a t i v e l y  sm all th ic k n e s s  o f  th e  la m e lla  means th a t  th e  
f i b r i l s  a re  p la n e  o r ie n te d ,  a lth o u g h  a few f i b r i l s  p a s s  
betw een a d jo in in g  la m e lla e  (1 0 ) .
Woven bone ten d s  to  be an immature p re d e c e s s o r  to  la m e l la r  
bone. Thus, th e  bone o f  a new b o rn  in f a n t  and t h a t  f i r s t  
l a i d  down a t  th e  s i t e  o f  a f r a c tu r e  i s  u s u a l ly  woven.
A t th e  n e x t c l a s s i f i c a t i o n  l e v e l ,  la m e l la r  bone i s  
o rg a n ise d  in to  la m in a r  o r  h a v e rs ia n  b o n e , th e  fo rm er a ls o  
c o n ta in in g  some woven bone.
Laminar bone i s  o f te n  found in  th e  long  bones o f  l a r g e  
an im als w hich have to  grow q u ic k ly  (1 7 )• Very s im p ly , i t  
c o n s is ts  o f  a  netw ork o f  b lo o d  v e s s e ls  su rrounded  by la m e l la r  
bone w hich i s  in  tu rn  sandw iched betw een la y e r s  o f woven bo n e . 
The netw ork arrangem ent has g iv en  r i s e  to  th e  word f P le x ifo rm f 
b e in g  a p p l ie d .
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The la m in a tio n s  te n d  to  run  c i r c u m fe re n t ia l ly  aro u n d  th e  
c o r te x  o f  a lo n g  hone, and a re  o f  o rd e r  200yum th ic k .  A 
ty p ic a l  o p t i c a l  m icrograph  o f  lam in a r hone can he  seen  in  
f i g  2 .3 .
H av ersian  hone ten d s  to  r e p la c e  la m in a r  h o n e , e s p e c ia l ly  
in  th e  human, where r e s o rp t io n  and r e c o n s tru c t io n  tak e  p la c e  
co n tin u o u s ly  d u rin g  a g e in g . For. t h i s  rea so n , la m in a r  hone 
i s  sometimes r e f e r r e d  to  a s  p rim ary  hone, w h ils t  H av e rs ian  
may he c l a s s i f i e d  a s  secondary  hone. The s t r u c t u r a l  u n i t  o f  
th e  l a t t e r . i s  th e  H av ersian  system  o r  secondary  o s teo n e  
( f i g  2 .4 )  • The c y l in d r i c a l  shape a r i s e s  from th e  f a c t  t h a t  
hone te n d s  to  he re so rh e d  around  th e  m ajor b lo o d  v e s s e ls  
w hich , a s  m entioned e a r l i e r ,  a re  lo n g i tu d in a l ly  
o r ie n te d .  T h is le a v e s  a c y l in d r i c a l  c a v i ty  w ith  a m ajor h lo o d  
v e s s e l  in  th e  c e n tr e .  R e c o n s tru c tio n  th en  ta k e s  p la c e ,  and 
new hone i s  l a i d  down from th e  o u te r  edges o f  th e  r e s o r p t io n  
c a v i ty .  The new m a te r ia l  i s  l a i d  down in  d i s c r e t e  l a y e r s ,  o r  
la m e lla e  o f  o rd e r  5 m icrons th i c k ,  u n t i l  th e  h lo o d  v e s s e l  i s  
e n c lo se d  in  a  c e n t r a l  c a v ity  known a s  an H av e rs ian  c a n a l .
The H aversian  system  i s  a ls o  e n c lo se d  in  a th in  (1 m icron) 
s h e a th  o f  c a l c i f i e d  m ycopo lysaccharide , from w hich c o lla g e n  
i s  a b s e n t .  T h is  i s  o f te n  d e s c r ib e d  a s  a cem enting  l i n e .
S ince th e  p ro c e s s  o f  hone r e s o r p t io n  and  r e c o n s t r u c t io n  
i s  co n tin u o u s , o ld e r  H aversian  system s a re  o f te n  w h o lly  o r  
p a r t i a l l y  re so rh e d  to  form th e  background f o r  new o n e s . Thus,
 w ith  advancing  age , th e  s t r u c tu r e  , o f  a  g iven  hone may become
w holly  H av ersian .
The m in e ra l c o n te n t o f  b o th  p rim ary  and secondary  hone 
changes w ith  tim e. There i s  ra d io g ra p h ic  ev id en ce  (11) to  
show th a t  60 to  70 p e r  c e n t o f  th e  hone m in e ra l i s  d e p o s i te d
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d u rin g , o r  v e ry  soon a f t e r ,  th e  r e c o n s tru c t io n  p ro c e s s . The 
rem ainder i s  g ra d u a lly  l a i d  down over a much lo n g e r  p e r io d  o f  
tim e . The consequence o f  t h i s  i s  th a t  a t  any in s ta n c e  in  
tim e , th e re  a r e  sm all d i s c r e te  re g io n s  o f  v a ry in g  m in e ra l 
co n ten t th ro u g h o u t the  hone s t r u c t u r e .  S ince p rim ary  hone i s  
l a i d  down b e fo re  secondary  hone, i t  ten d s  to  have a h ig h e r  
m in e ra l c o n te n t when h o th  a re  p re s e n t  in  a hone. In d eed , th e re  
i s  a s tro n g  n e g a tiv e  c o r r e la t io n  betw een the deg ree  o f  
r e c o n s tru c t io n  and th e  av erag e  m in e ra l co n te n t in  a g iven  
hone specim en (25)*
The f i n a l  c l a s s i f i c a t i o n  o f  hone s t r u c tu r e  can he made 
w ith  th e  naked eye . Compact hone ap p e a rs  to  he a co n tin u o u s  
medium, form ing th e  h u lk  o f  th e  c o r te x  o f  a  lo n g  h o n e , 
w hereas t r a b e c u la r  ( a l t e r n a t i v e l y  named c a n c e llo u s  o r  
spongy) hone forms a honeycomb s t r u c tu r e  o f  th in  hone members.
I t  i s  found  a t  th e  e x t r e m it ie s  o f  th e  long  h o n es , and  on th e  
in s id e  su r fa c e  o f  th e  c o r te x .
2 .3  The Young Bovine Femur
The young (3 y e a rs )  b o v in e  fem ur has an  o v e r a l l  le n g th  
o f  abou t 30 cm. For p u rp o ses o f  specim en e x t r a c t io n ,  how ever, 
o n ly  abou t 10 cm o f  th e  c e n t r a l  p o r t io n ,  o r  d ia p h y s is  i s  
a v a i la b le .  Beyond t h i s  d i s ta n c e ,  th e  c o r t i c a l  th ic k n e s s  i s  
too  sm a ll. An o v e r a l l  v iew , showing th e  v a r i a t i o n  in  th i c k ­
n e s s  a lo n g  th e  hone i s  shown in  f i g  2.5* The c r o s s - s e c t io n a l  
shape o f  the  d ia p h y s is  v a r ie s  c o n tin u o u s ly  a s  th e  s e c t io n  i s  
moved away from th e  c e n tr e .  T h is  i s  to  accom odate th e  m uscle 
a ttach m en ts  and to  b le n d  sm oothly w ith  th e  tro c h a n ta e  and 
ep ico n d y le s  a t  e i t h e r  e x tre m ity .
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The m ic r o s t r u c tu r a l  v a r i a t i o n  around  the  c o r te x  can he 
seen  in  f i g  2 .6 ,  which shows a t h i n  (c.200yUm) s e c t io n  taken  
a t  th e  mid p o in t  o f  th e  d ia p h y s is  and l i g h t l y  s t a in e d  w ith  
m ethylene h lu e .  The s t i p p l e d  a r e a s  a r e  caused  hy  th e  
p r e f e r e n t i a l  s t a i n i n g  o f  th e  "blood v e s s e l s .  T h is  i n d i c a t e s  
t h a t  r e c o n s t ru c t io n  was a c t iv e  h e re  a t  th e  tim e o f  d e a th .
Note t h a t  r e c o n s t r u c t io n  has n o t  ta k e n  p la c e  g e n e r a l l y ,  h u t  
i s  c o n f in e d  to  c e r t a i n  a r e a s ,  and  in  p a r t i c u l a r  to  th e  
e n d o s te a l  s u r f a c e .
F u r th e r ,  th e  boundary  between r e c o n s t r u c te d  and la m in a r  
hone i s  q u i t e  d e f i n i t e ,  as  may he seen in  f i g  2.7* T h is  means 
t h a t  a specimen o f  hone , a s  u sed  in  a t y p i c a l  m echan ica l t e s t ,  
may have re g io n s  o f  b o th  hone ty p e s .  C l a s s i f i c a t i o n  o f  th e se  
specimens i s  th e r e fo r e  n o t  a t  a l l  s t r a i g h t  fo rw ard .
The l a r g e  space w ith in  th e  c o r te x  in  f i g  2 .6 ,  2 .8  
( d ia  1-2 mm) i s  th e  n u t r i e n t  a r t e r y  c a v i ty .  This c o n ta in s  
th e  main a r t e r i a l  co n nec tion  between marrow and b lo o d  su p p ly . 
The a r t e r y  ru n s  o b l iq u e ly  th rough  th e  c o r te x ,  an d  t h e r e  i s  
on ly  one p e r  fem ur. v
Moving d i s t a l l y ,  th e  c o r te x  becomes th in n e r ,  b u t  w ith  a 
l a r g e r  p e r im e te r .  T y p ic a l ly ,  th e  bone te n d s  to  become more 
r e c o n s t ru c te d ,  a s  can b e  seen  in  f i g  2.9* Note th e  in c r e a s e d  
p re sen ce  o f  r e s o r p t io n  c a v i t i e s ,  and  th e  p rese n ce  o f  
t r a b e c u la r  bone on th e  e n d o s te a l  s u r f a c e .
At v a r io u s  p o s i t i o n s ,  p a r t i c u l a r l y  in  th e  d i s t a l / l a t e r a l  
and p ro x im al/m ed ia l q u a d ra n ts ,  th e re  a r e  muscle a t ta c h m e n ts  
to  th e  fem ur. These can be seen micro s t r u c t u r a l l y  a s  f i b r e s  
ru nn ing  in to  the  c o r te x .  The bone type  i s  known a s  Sharpey 
f i b r e  bone , and a t y p i c a l  example i s  shown in  f i g  2 .1 0 .
C urrey  (20) lias n o te d  t h a t  in  th o se  p la c e s  where tendons
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e n t e r  bones composed m ainly o f  lam in a r  bone, th e  bone u n d er  
i n s e r t i o n  i s  n ev e r  la m in a r ,  b u t  h a v e r s ia n  o r  i r r e g u l a r .
However, because  th e  su r fa c e  o f  la m in a r  bone i s  f r a g i l e  d u r in g  
c e r t a i n  s ta g e s  o f  i t s  ontogeny, s t ro n g  tendons c o u ld  n o t  i n s e r t  
onto  growing lam in a r  bone , and h a v e rs ia n  o r  i r r e g u l a r  bone 
must n e c e s s a r i l y  be  found under  t h e i r  i n s e r t i o n s .  T h is  i s  
e s p e c i a l l y  r e l e v a n t  to  th e  young bov ine  fem ur.
2 .b  The M echanical P r o p e r t i e s  o f  Bone
There i s  a c o n s id e ra b le  w e a l th  o f  p u b l is h e d  d a ta  on th e  
m echanical p r o p e r t i e s  o f  bone , and th e re  a r e  s e v e r a l  rev iew s 
a v a i l a b l e  (eg . 5 , 7, 1)* C onsequen tly , t h i s  s e c t i o n  i s
n o t  in te n d e d  to  be a comprehensive su rvey  o f  th e  s u b je c t .  
R a th e r ,  an a t tem p t has  been  made to  draw a t t e n t i o n  to  th o se  
p r o p e r t i e s  o f  p a r t i c u l a r  s ig n i f i c a n c e  to  the  mechanisms o f  
f r a c t u r e .
2 .A .I .  E l a s t i c i t y
T y p ic a l ly ,  i f  a s im ple t e n s i l e  specimen o f  c o r t i c a l  bone 
i s  s u b je c te d  to  a lo a d /u n lo a d  cy c le  to  a maximum s t r e s s  
w i th in  i t s  t e n s i l e  l i m i t ,  a  s t r e s s / s t r a i n  curve s i m i l a r  to  
t h a t  shown in  f i g .  2 .11  w i l l  be p roduced .
Assume, f o r  th e  moment t h a t  th e  t e s t  has  been  conduc ted  
a t  a  c o n s ta n t  s t r a i n  r a t e .  S e v e ra l  f e a t u r e s  can be o b se rv e d .
( i )  The response  i s  n o t  p e r f e c t l y  l i n e a r
( i i )  The m a te r i a l  ab so rb s  energy  by h y s t e r e s i s  l o s s e s
( i i i )  There i s  some r e s i d u a l  d e f l e c t i o n ,  a l th o u g h  p a r t  
o r  a l l  o f  t h i s  may be reco v e re d  w ith  time (21 , 2 2 ) .
B o n f ie ld  (2 3 ) ,  f o r  example, r e p o r t e d  t h a t  a s i g n i f i c a n t  
d e v ia t io n  from l i n e a r i t y  o cc u rre d  a t  a s t r e s s  a s  low as
Stress
Strain
Fig 2.11
Stress Stress
.02 Strain Strain
Fig 2.12
5 p e r  c e n t  o f  th e  u l t im a te  t e n s i l e  s t r e s s ,  and a t  a s t r a i n  
o f  on ly  2 .3  x 10“^ .  However, where th e  e l a s t i c  modulus i s  
u se d  to  g ive an in d i c a t i o n  o f  th e  s t r a i n s  in c u r r e d  a t  
r e l a t i v e l y  h ig h  s t r e s s e s ,  th e  e r r o r  in  assuming l i n e a r  
e l a s t i c  p r o p e r t i e s  may he n e g l i g i b l e .
This  i s  a l s o  t r u e  w ith  h y s t e r e s i s  l o s s e s .  In  C h ap te r  5 
i t  w i l l  he dem onstra ted  t h a t  the energy ah so rh ed  hy  h y s t e r e s i s  
i s  ahout 5 p e r  c e n t  o f  th e  s to r e d  e l a s t i c  en e rg y . W ith in  
t h i s  l i m i t a t i o n ,  l i n e a r  e l a s t i c  p r o p e r t i e s  may ag a in  he  
assumed.
D elayed reco v e ry  o f  th e  r e s i d u a l  d e f l e c t i o n  i n d i c a t e s  
t h a t  hone i s  v i s c o e l a s t i c .  Indeed , th e  t e n s i l e  modulus has  
lo n g  heen measured a s  a  fu n c t io n  o f  th e  t e s t  s t r a i n  r a t e .  
B u r s te in  an d  R e i l l y  (7)> f o r  example, r e p o r te d  t h a t  i n c r e a s in g  
th e  s t r a i n  r a t e  from 0.01 to  1 .0 5 s 1 r a i s e d  th e  t e n s i l e  modulus
_po f  human hone from 17*0 to  2 1 .4  G-Nm • T h is  i s  ap p ro x im a te ly  
a 25% in c re a s e  f o r  a thousand  f o l d  r i s e  in  s t r a i n  r a t e .
S im i la r  e f f e c t s  have a l s o  heen  n o te d  f o r  o th e r  ty p e s  o f  
hone (2k  -  2 7 ) .
2 .4 .2  T e n s i le  S tre n g th
I f ,  in  th e  p re v io u s  t e s t ,  th e  s t r a i n  was s t e a d i l y  in c r e a s e d  
i n s t e a d  o f  h e in g  r e v e r s e d ,  th e  r e s i s t e d  lo a d  would e v e n tu a l ly  
c o in c id e  w ith  th e  t e n s i l e  l i m i t  f o r  th e  m a te r i a l ,  w hich would 
th en  f a i l .
Prom th e  l i t e r a t u r e ,  i t  ap p ears  t h a t  a range o f  d i f f e r e n t  
f a i l u r e  c h a r a c t e r i s t i c s  can he obse rved  in  a t y p i c a l  t e n s i l e  
t e s t .  The two extrem es o f  response  a r e  shown in  f i g  2 .1 2 .
Thus, th e  m a te r ia l  sometimes f a i l s  i n  a b r i t t l e  manner 
a s  shown in  ( a ) ,  o r  in  th e  r e l a t i v e l y  tough manner a s  shown
i n  ( b ) .  The change in  g r a d ie n t  a t  X i s  sometimes pronounced, 
and th e  f i n a l  s lope  can be an y th in g  from zero  to  a p r o p o r t io n  
o f  th e  i n i t i a l  v a lu e .  Note t h a t  t h i s  r e g io n  can r e p r e s e n t  th e  
l a r g e r  p a r t  o f  th e  t o t a l  s t r a i n  a t  f a i l u r e .
The second regime has  p r i n c i p a l l y  been r e p o r t e d  by 
C urrey  (2 8 ) ,  B u r s te in  and R e i l l y  (29* 3 1 ) .  They c a l l  t h i s  
" P l a s t i c  b eh a v io u r” and th a t  th e  p o in t  X r e p r e s e n t s  th e  y i e l d  
s t r e s s  f o r  bone . S ev era l  p o in t s  may be made h e r e ;
( i )  There i s  no f irm  ev idence  t h a t  th e  s t r a i n  i n  t h i s  
regime i s  n o n - re c o v e ra b le ,  a s  in  t r u e  p l a s t i c i t y .
( i i )  The amorphous m o le cu la r  s t r u c t u r e  su g g e s ts  t h a t
i t  i s  v e ry  u n l ik e ly  t h a t  a c t u a l  f low  between a d ja c e n t  m olecu les  
can tak e  p la c e .  The mechanism i s  much more l i k e l y  t o  be  t h a t  
found in  f i b r e  r e in f o r c e d  m a t r ic e s ,  namely f i b r e  debonding 
and g e n e ra l  secondary  f r a c t u r e  p ro c e s s e s .
Indeed , c lo se  in s p e c t io n  o f  th e  t e n s i l e  specimen d u rin g  
th e  t e s t _ o f t e n  r e v e a l s  a re g io n  o f  in c re a s e d  o p a c i ty  d ev e lo p in g  
du rin g  th e  " p l a s t i c ” regim e. T h is  i s  s t r o n g ly  i n d i c a t i v e  o f  
v o id  fo rm a tio n . An example o f  t h i s  can b e  seen  i n  f i g  2.13* 
showing a t e n s i l e  specimen o f  bov ine  fem oral c o r te x  im m edia te ly  
b e fo re  f i n a l  f r a c t u r e .  C urrey  (17) su g g e s ts  t h a t  th e  mechanism 
i s  due to  i n t e r f a c i a l  sh e a r  w i th in  th e  " y ie ld e d ” p a r t  o f  th e  
specim en. Thus, a t  a p a r t i c u l a r  lo a d in g ,  a t r a n s v e r s e  c rac k  
i s  i n i t i a t e d  on ly  to  be v e ry  q u ic k ly  a r r e s t e d .  F u r th e r  s t r a i n  
cau ses  th e  i n i t i a t i o n  o f  more c rac k s  which a r e  a l s o  a r r e s t e d ,  
and the  a b s o rp t io n  o f  energy  th ro u g h  i n t e r f a c i a l  s h e a r .  F in a l  
f a i l u r e  i s  caused  by th e  c a ta s t r o p h i c  p ro p a g a t io n  o f  a 
t r a n s v e r s e  c rack .
( i i i )  There i s  no ev idence o f  th e  e f f e c t  o f  s t r a i n  r a t e  
on th e  mechanism. C urrey  (25) has o n ly  r e p o r te d  i t  f o r  q u i t e
yielded "  zone
h ig h  v a lu e s ,  e .g .  0 .1  s - 1 . Experim ents in  t h i s  s tu d y  and by 
P ie k a r s k i  (30) have produced th e  mechanism a t  much lo w er  
v a lu e s ,  e . g .  ICT^ s ~ \  More d e t a i l e d  in fo rm a tio n  i s  n o t  
a v a i l a b l e .
( iv )  The p o in t  * x* (o r  y i e l d  p o in t )  i s  r a t h e r  a r b i t r a r y .  
I t  i s  q u i t e  p o s s ib le  to  o b ta in  a smooth change o f  s lo p e  on 
th e  lo a d /e x te n s io n  cu rv e , succeeded  by th e  p l a s t i c  b e h a v io u r .  
Indeed , in  view o f  Currey* s su g g e s te d  mechanism, t h i s  i s  much 
more l i k e l y ;  th e  i n i t i a t i o n  and a r r e s t  o f  th e  t r a n s v e r s e  
c rack s  w i l l  ta k e  p la c e  sm oothly and p r o g r e s s iv e ly  from some 
s t a t i s t i c a l  low er l i m i t .
The u l t im a te  t e n s i l e  s t r e s s  a p p ea rs  to  in c r e a s e  w ith  
s t r a i n  r a t e  (e )  in  a s im i l a r  f a s h io n  a s  th e  Youngs modulus.
A thousand  f o l d  in c re a s e  in  e ap p ro x im a te ly  doub les  the  
t e n s i l e  s t r e n g t h .
2 .^ .3  A n iso tro p y
The f a c t  t h a t  bone i s  a f i b r o u s  m a te r ia l  and t h a t  th e
f i b r e s  te n d  to  l i e  a long  th e  l e n g th  o f  a bone l e a d  i n e v i t a b l y
to  th e  h y p o th e s is  t h a t  the  m a te r i a l  w i l l  have some deg ree  o f  
a n is o t ro p y  in  i t s  m echanical p r o p e r t i e s .  T h is  i s  w e l l  
j u s t i f i e d  by ex p erim en t, and i t  h as  long  been  known t h a t  most 
ty p e s  o f  bone a re  b o th  s t r o n g e r  an d  s t i f f e r  a lo n g  th e  l e n g th  
o f ,  f o r  example, a femur.
For purposes o f  a n a l y s i s ,  however, i t  i s  n o t  e a sy  to
make any f u r t h e r  r e a s o n a b le  assum ptions  abou t th e  type  o f
a n i s o t ro p y .  In  what i s  p ro b ab ly  the  most com prehensive s tu d y  
on th e  s u b je c t ,  R e i l l y  e t  a l  (32) su g g es ted  t h a t  bone co u ld  be 
assumed to  be t r a n s v e r s e ly  i s o t r o p i c .  This  was j u s t i f i e d  by
t h e r e  b e in g  no s i g n i f i c a n t  d i f f e re n c e  between th e  e l a s t i c  
p r o p e r t i e s  measured in  th e  r a d i a l  and t a n g e n t i a l  d i r e c t i o n s .
The r e s u l t s ,  however, were on ly  o b ta in e d  f o r  H avers ian  bone.
I t  i s  n o t known w hether  th e  assum ption  may be c a r r i e d  t o ,  
f o r  example, la m in a r  bone. Moreover some anomalous v a lu e s  
f o r  th e  e l a s t i c  modulus were o b ta in e d  f o r  specimens o r i e n t a t e d  
a t  30° and 60° to  th e  lo n g i t u d in a l  a x i s .
T h e ir  mean r a t i o  o f  lo n g i tu d in a l  modulus to  th e  t r a n s v e r s e  
modulus was;
( i )  Human H aversian  1*37
( i i )  Bovine H aversian  2 .22
( i i i )  Bovine Laminar 2.2*1
A s im i l a r  p a t t e r n  was rec o rd e d  i n  the u l t im a te  t e n s i l e  
s t r e s s  t e s t s ,  w ith  th e  r a t i o s  2 .6 ,  3 .0 ,  3 .0  f o r  th e  
lo n g i tu d in a l  to  t r a n s v e r s e  s t r e n g th s  in  ( i )  to  ( i i i )  above.
An im portan t f e a t u r e  o f  th e  t r a n s v e r s e  t e s t s  (32) was 
t h a t  th e  response  was b r i t t l e ,  w i th  no p l a s t i c  b e h a v io u r  
r e p o r te d .  T h is  i s  in  agreement w ith  Currey* s model, s in c e  
th e re  i s  no s i g n i f i c a n t  lo a d in g  component a long  th e  f i b r e s .  
F in a l  f r a c t u r e  i s  th u s  due to  i n t e r f a c i a l  f a i l u r e  in  t e n s io n  
w ith  no mechanism f o r  s l i d i n g  and g e n e ra l  d e la m in a t io n .
F i n a l l y ,  an i n t e r e s t i n g  c o n t r ib u t io n  t o  th e  a n i s o t r o p y
o f  bone i s  p ro v id ed  by  th e  p r e f e r r e d  o r i e n t a t i o n  o f  th e  b lo o d
v e s s e l s ,  which te n d  to  l i e  a lo n g  the  a x i s  o f  th e  fem ur. A
t r a n s v e r s e  s e c t io n  th rough  th e  bone w i l l  t h e r e f o r e  c r o s s  th e
b lo o d  v e s s e l s  ap p rox im ate ly  a t  r i g h t  a n g le s .  The n e t
re d u c t io n  in  c ro ss  s e c t io n a l  a r e a  f o r  th e  l o n g i t u d i n a l  s t r e s s e s
2i s  th e r e f o r e  p r o p o r t io n a l  to  d , where d i s  the  d ia m e te r  o f  th e  
b lo o d  v e s s e l .  For a lo n g i tu d in a l  s e c t io n ,  how ever, th e  b lo o d
v e s s e l s  a re  o r i e n t e d  in  th e  same p la n e  as th e  se c tio n *  The 
n e t  r e d u c t io n  in  th e  c ro s s  s e c t i o n a l  a r e a  f o r  t r a n s v e r s e  
s t r e s s e s  i s  th e r e f o r e  p r o p o r t io n a l  to  d.
S ince d i s  sm a ll in  comparison w ith  th e  s e c t io n  w id th ,  
th e  r e d u c t io n  in  c ro s s  s e c t io n  a re a  due to  th e  "blood v e s s e l s  
i s  l e s s  f o r  th e  l o n g i t u d in a l  s t r e s s e s *  Por a crude 
approx im ation  to  the  s i z e  o f  the  e f f e c t ,  c o n s id e r  the  model 
shown in  f i g  2.14* A u n i t  cube has a  s i n g l e  c y l i n d r i c a l  
c a v i ty  d iam ete r  d ( d <  1)* Por s t r e s s e s  in  th e  same a x i s  a s  
th e  c a v i ty ,  th e  n e t  lo a d  h e a r in g  a re a  i s
Por s t r e s s e s  in  th e  t r a n s v e r s e  d i r e c t i o n ,  however, th e  n e t  
lo a d  h e a r in g  a re a  i s
The r a t i o  o f  th e  l o n g i t u d in a l  s t r e s s e s  to  th e  t r a n s v e r s e ,  
f o r  th e  same lo a d  in  each  d i r e c t io n  i s
°r  1 -  P
Thus, f o r  an a r r a y  o f  p a r a l l e l  c y l i n d r i c a l  c a v i t i e s ,  th e  
r a t i o  o f  lo n g i t u d in a l  to  t r a n s v e r s e  s t r e s s e s  may he e x p re s s e d  
a s  a fu n c t io n  o f  the  volume f r a c t i o n  o f  c a v i t i e s .  T h is  h as  
heen p l o t t e d  in  f i g  2 . 1 5 .
A t y p i c a l  v a lu e  f o r  th e  p o r o s i ty  o f  hone i s  20 .9 $  ( 3 ) .  
Thus, i f  the  t o t a l  c o n t r ib u t io n  t o  th e  p o r o s i t y  was due to  
a  p a r a l l e l  l o n g i tu d in a l  a r r a y  o f  c y l i n d r i c a l  b lo o d  v e s s e l s ,  
th e  r a t i o  o f  t r a n s v e r s e  s t r e s s e s  to  lo n g i t u d in a l  s t r e s s e s
1 - ^ d 2 
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The P o ro s i ty  (P) o f  th e  cube i s
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l o n g i t u d i n a l
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would "be 0 .6 1 .  This may he compared w ith  B u r s te in s  
r e s u l t s  (32) f o r  th e  r a t i o  o f  t r a n s v e r s e  to  l o n g i t u d i n a l  
Youngs modulus o f  bovine h a v e rs ia n  hone o f  0*45.
O ther c a v i t i e s  o f  d i f f e r e n t  shape , however, a r e  p r e s e n t  
i n  hone. M oreover, h lo o d  v e s s e l s  a re  n o t  p e r f e c t l y  
l o n g i t u d in a l ly  o r ie n te d .  Both th e se  phenomena w i l l  te n d  to  
reduce the  e f f e c t .  Even so , th e  a n i s o t r o p i c  shape o f  th e  
h lo o d  v e s s e l s  and o th e r  c y l i n d r i c a l ,  l o n g i t u d i n a l l y  o r i e n t e d  
c a v i t i e s  has a s i g n i f i c a n t  c o n t r ib u t io n  to  the  m easured 
a n is o t ro p y  in  the  t e n s i l e  modulus and s t i f f n e s s .  I t  a l s o  
i n d i c a t e s  t h a t  the  measured a n is o t ro p y  o f  hone t i s s u e  i s  n o t  
on ly  caused  by th e  l o n g i t u d i n a l l y  o r i e n t e d  f i b r e s .
1
2 .5  M echanical P r o p e r t i e s  o f  M a te r ia l  u sed  in  t h i s  S tudy .
M a te r ia l  u sed  in  t h i s  s tu d y  has heen c o n f in e d  to  th e  
young bovine fem oral c o r te x .  A lthough  t h i s  p ro v id e s  some 
c l a s s i f i c a t i o n  o f  th e  hone , i t  was dec ided  to  measure th e  
t e n s i l e  modulus and u l t im a te  t e n s i l e  s t r e n g t h  o f  a  sample 
from th e  m a te r ia l  u se d . This  was to  p rov ide  a com parison o f  
th e  m echanical p r o p e r t i e s  w ith  th o se  o b ta in e d  by  d i f f e r e n t  
w o rk e rs ,  and  a l s o  to  p rov ide  v a lu e s  o f  th e se  p r o p e r t i e s  which 
co u ld  he  used  in  f r a c t u r e  c a l c u l a t i o n s .
D e ta i l s  o f  th e  t e s t s  a r e  g iven  in  Appendix 1 and 
C hap te r  6 .  The r e s u l t s  were
_2Mean L o n g itu d in a l  Modulus = 1 8 .4  G-Nrn
-2Mean L o n g itu d in a l  U .T.S. = 123*1 MNm
These may he compared w ith  th o se  o f  R e i l l y  and  B u r s te in  (32)
( i )  Bovine H av e rs ian  Femoral hone 
El = 23 .1  GNm~2
U .T .S .l  = 144 MNm~2
( i i )  Bovine Laminar Femoral hone 
El = 26.5  GNm*"2
u . t . s . l  = 167 MNnT2
The in c re a s e d  v a lu e s  a re  c o n s i s t e n t  w ith  R e i l l y 1s s t r a i n  
r a t e ,  which was 0 .03  -  0 .05 s - 1 , a s  opposed to  t h a t  u sed  in  
t h i s  s tu d y ;  0 .0007  s ’"1 .
CHAPTER 3
F ra c tu r e  Mechanics
3 .1  I n t ro d u c t io n
F ra c tu r e  mechanics has  heen d e f in e d  a s  th e  a p p l ie d  
mechanics o f  c rack  growth (33)* Although th e  o r i g i n s  o f  th e  
s u b je c t  a r e  due to  I n g l i s  (3 4 ) ,  and G r i f f i t h  (3 5 ) ,  i t  has  
developed in to  an e s t a b l i s h e d  d i s c i p l i n e  from a s e r i e s  o f  
i n v e s t i g a t i o n s  i n t o  th e  c a t a s t r o p h i c  f a i l u r e s  o f  s e v e r a l  
e n g in e e r in g  s t r u c t u r e s .  Examples o f  th e se  in c lu d e  f r a c t u r e s  
o f  th e  L ib e r ty  sh ip s  and th e  Comet d i s a s t e r s  (3 6 ) .  O ften  
th e se  o c c u rre d  in  h ig h  s t r e n g th  m a te r ia l s  a t  nom inal s t r e s s e s  
w e l l  below t h e i r  y i e l d  s t r e n g t h s .
C onsequen tly , the  p r i n c i p a l  o b je c t iv e  o f  f r a c t u r e  
mechanics has  heen to  p r e d ic t  th e  response  o f  e n g in e e r in g  
s t r u c t u r e s  to  th e  p resen ce  o f  c r a c k s .  However, th e  d i s c i p l i n e  
i s  e q u a l ly  concerned w ith  th e  i n v e s t i g a t i o n  o f  th e  f r a c t u r e  
p r o p e r t i e s  o f  lo a d  h e a r in g  m a t e r i a l s .  A lthough th e s e  were 
p re v io u s ly  r e s t r i c t e d  to  m e ta l s ,  many new ty p e s ,  n o ta b ly  th e  
f i b r e  r e in f o r c e d  com posite s ,  a re  in c r e a s in g ly  b e in g  s tu d i e d  
( e .g .  59, 60, 61, 6 2 ) .
3 .2  P l a s t i c  flow  and b r i t t l e  f r a c t u r e .
The m echanical f a i l u r e  o f  a l l  m a te r i a l s  i s  e i t h e r  f low  
dominant o r  f r a c t u r e  dominant (3 7 ) ,  o f  which two ex trem es 
might he chewing gum and  g l a s s .  A lthough th e  two mechanisms 
o f  f r a c t u r e  a r e  q u i te  d i s t i n c t ,  i t  i s  sometimes n o t  im m ed ia te ly  
ap p a ren t a s  to  which i s  th e  main c o n t r ib u t io n  in  a g iven  
f a i l u r e .
For example, i f  a specimen o f  aluminium f o i l  i s  lo a d ed
in  sim ple te n s io n ,  th e  r e s u l t i n g  f a i l u r e  o ccu rs  by t e a r i n g  
a c ro s s  th e  specimen. The re sp o n se , as  re c o rd e d  on a l o a d /  
d e f l e c t io n  c h a r t ,  i s  ap p ro x im a te ly  l i n e a r  to  th e  f a i l u r e  
p o in t ,  and i t  would be s a fe  to  assume t h a t  no l a r g e  s c a le  
p l a s t i c  f low  had o c c u rre d  (38)* Close exam ina tion  o f  th e  
f r a c t u r e  p ro c e s s  however, would show t h a t  th e  c rack  o r  t e a r  
moved a c ro s s  th e  specimen by the  g e n e ra t io n ,  growth and 
coa lescen ce  o f  v o id s .  This i s  a mechanism governed by p l a s t i c  
f low .
Any degree o f  p l a s t i c  flow  d u ring  f r a c t u r e ,  a s  in  th e  
case  o f  the  aluminium f o i l ,  w i l l  g r e a t l y  in c re a s e  th e  amount 
o f  energy r e q u i r e d  to  f r a c t u r e  th e  m a te r i a l .
Thus, m a te r ia l s  which f r a c t u r e  w i th  l i t t l e  o r  no f lo w , 
do so w ith  very  l i t t l e  energy . Such m a te r i a l s  a r e  known a s  
* b r i t t l e * , w h i l s t  th o se  r e q u i r in g  a l a r g e  amount o f  en e rg y  
f o r  f r a c t u r e  a re  d e s c r ib e d  a s  * tough*•
B r i t t l e n e s s ,  however, i s  n o t  a  un ique m a te r ia l  p r o p e r ty .  
T h is  i s  because  p l a s t i c  f low  may be  i n h i b i t e d  o r  prom oted by 
a  number o f  d i f f e r e n t  c o n d i t io n s .  M ild s t e e l ,  f o r  example, 
becomes r e l a t i v e l y  b r i t t l e  a t  low te m p e ra tu re s  and u n d er  
p lan e  s t r a i n  lo a d in g .
For th e se  re a s o n s ,  b r i t t l e  f r a c t u r e  and  p l a s t i c  f low  a r e  
o f t e n  in s e p a r a b le .  Thus, a l th o u g h  f r a c t u r e  m echanics may be 
d e f in e d  as  th e  a p p l ie d  mechanics o f  c rack  grow th , i t  may o f t e n  
in c lu d e  s tu d i e s  o f  p l a s t i c  f low .
3*3 S t r e s s  c o n c e n tr a t io n
S t r e s s  c o n c e n tr a t io n  i s  the l o c a l  in c re a s e  in  s t r e s s  
caused  by d is tu rb a n c e s  in  a continuum , over and above t h a t  due 
to  any re d u c t io n  in  lo a d  b e a r in g  m a te r i a l .  Thus, l o c a l  weak
p o in ts  may be in c lu d e d  in  a m a te r ia l  o r  s t r u c t u r e  to  p ro v id e  
s i t e s  f o r  c rack  i n i t i a t i o n .
I n g l i s  (34) u sed  continuum th e o ry  to  c a l c u l a t e  s t r e s s  
c o n c e n t r a t io n s  a t  th e  t i p s  o f  an e l l i p t i c a l  n o tc h  o r  c a v i ty .
C onsider  th e  case  o f  such  a c a v i ty  in  an i n f i n i t e  p l a t e  
( f i g  3*1), lo a d ed  w ith  uniform  s t r e s s  cT normal t o  th e  m ajor 
a x i s  o f  the  e l l i p s e .
At the  t i p  o f  th e  c a v i ty ,  where y = 0, x = a ,  I n g l i s  (34) 
dem onstra ted  t h a t  th e  l o c a l  t e n s i l e  s t r e s s  (J^ was g iven by
05. ,= c r (  1+ 2 / ^ )
(See r e f .  47 f o r  a d e r iv a t io n )
pwhere £  = b / a  = th e  r a d iu s  o f  c u rv a tu re  a t  th e  t i p .
Thus, f o r  a c i r c u l a r  c a v i ty ,  ^  = a ,  so t h a t
0 ^  = 3  c r
The r a t i o  Gyy/o* i s  d e f in e d  a s  K t, and known a s  th e  
s t r e s s  c o n c e n t r a t io n  f a c t o r .
An im p o r ta n t f e a t u r e  o f  s t r e s s  c o n c e n t r a t io n  i s  t h a t  
h igh  v a lu e s  o f  Kt a r e  p o s s ib le  f o r  v e ry  sm a ll c a v i t i e s .  F o r  
example, a c a v i ty  5 m icrons long  w ith  a t i p  r a d iu s  o f  
1 Angstrom u n i t  has  a s t r e s s  c o n c e n t r a t io n  f a c t o r  o f  o v e r
200 a t  th e  t i p  (3 9 ) .  Thus, s t r e s s  c o n c e n t r a t io n s  m ay b e
caused  by  d e f e c ts  in  a m a te r ia l  m ic ro s t ru c tu r e ,  a s  w e ll  a s  
machined n o tc h es  o r  grooves in  a lo ad ed  s t r u c t u r e .  I t  must 
be n o te d ,  however, t h a t  f o r  most r e a l  m a te r i a l s ,  r e l a x a t i o n  
o f  th e s e  h ig h  s t r e s s e s  w i l l  o cc u r ,  red u c in g  th e  e s t im a te d  
v a lu e  o f  Kt.
Moreover, th e  d e r iv a t io n  o f  e q u a t io n  3 .1  assumes i s o t r o p y .  
For a n i s o t r o p ic  e l a s t i c  c o n t in u a ,  th e  s t r e s s  c o n c e n t r a t io n  
f a c t o r  w i l l  depend, n o t  on ly  on th e  n o tch  geom etry , b u t  a l s o
f
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on th e  m a te r ia l  p r o p e r t i e s .  Values of f o r  a number o f  
a n i s o t r o p ic  m a te r ia l s  and n o tch  shapes have been c a lc u la te d  
in  r e f .  l±0.
3»b The G r i f f i t h  Energy ba lan ce
S t r e s s  a n a ly s i s  dem onstra tes  t h a t  i n t e r n a l  d e f e c ts  in  
a m a te r ia l  can reduce i t s  t e n s i l e  s t r e n g th  th rough  s t r e s s  
c o n c e n tra t io n ,  G r i f f i t h  (35) a r r i v e d  a t  a s im i la r  co n c lu s io n , 
b u t  used  a very  d i f f e r e n t  argum ent.
His c o n t r ib u t io n  to  f r a c t u r e  mechanics was to  examine 
the  v a r io u s  energy t r a n s a c t io n s  t h a t  would tak e  p la ce  i n  a 
loaded  s t r u c t u r e  w ith  c rack  e x te n s io n .  He was then  a b le  to  
d e r iv e  an e n e rg e t ic  c r i t e r i o n  o f  f r a c t u r e .
C onsider f i g  3 .2 .  An i n f i n i t e  p l a t e ,  w ith  i n t e r n a l  c rack  
o f  le n g th  2a i s  loaded  w ith  uniform  s t r e s s  CT • The t o t a l  
energy o f  th e  p la t e  may be e x p ressed  as
E = A -  W + 2 # a  (For u n i t  p l a t e  th ic k n e s s )  • • 3»2
where E = t o t a l  energy 
A = s t r a i n  energy
W = work done by th e  a p p l ie d  fo rc e s  
y  = Surface energy o f  th e  m a te i r a l .
This assumes t h a t  th e  in c re a s e  in  su r fa c e  energy o f  th e
crack  i s  the only energy t r a n s f e r  a s s o c i a t e d  w ith  c rack  
movement. This i s  on ly  t r u e  f o r  p e r f e c t l y  e l a s t i c  m a t e r i a l s .
G r i f f i th * s  c r i t e r i o n  i s  t h a t  f r a c t u r e  occurs when E i s  
a maximum w ith  r e s p e c t  to  c ra c k le n g th .
Or, dE _ 0 ' . '
da “ u ....................................
T h ere fo re , a t  t h i s  p o in t
4 ^ ) =  . • . . . 3.Ud<x
In the  absence o f  any therm al e f f e c t s ,  A becomes the 
s t r a i n  energy o f  the p l a t e .
E l a s t i c i t y  th e o ry  shows t h a t ,  f o r  p la n e  s t r e s s  lo a d in g
A -^ q~V . . . .  3 . 5
£E
where E i s  th e  Youngs modulus f o r  the m a te r i a l ,
Por l i n e a r  e l a s t i c i t y ,
W = Z  A
At th e  G r i f f i t h  p o in t ,  l e t  CT= CHp
th e n ,  2-X - d&. = o f ’rrcx^ 
a  a. E
o r  =■ Jz& i . • • . 3*6
S ince  th e  r i g h t  hand s id e  o f  t h i s  e q u a t io n  i s  a f u n c t io n  
o f  m a te r ia l  p r o p e r t i e s ,  and may th e r e f o r e  b e  assumed t o  be 
c o n s ta n t ,  I t  dem onstra tes  t h a t  th e  f r a c t u r e  s t r e s s  (dp ) i s  
dependant on the  square  ro o t  o f  th e  c ra c k le n g th .
G r i f f i t h  (35) was ab le  t o  o b ta in  a good c o r r e l a t i o n  
between Qj> and 1/jlf f o r  g la s s  specimens w ith  machined cracks*  
I f  a  specimen i s  f r a c t u r e d  w i th  no machined c ra c k ,  i t  i s  s t i l l  
p o s s ib le  to  o b ta in  a v a lu e  f o r  a .
Por example, u s in g  G r i f f i t h ’ s v a lu e s  (q u o ted  in  k l )
Of = 170 MNm”2
E = 62  GNin"2 .....................
= 1 .75  Nnf1
a =  =o=i 2-
Op r r
ytUW
T his r e s u l t  promoted th e  p o p u la r  ’ in h e re n t  flaw* th e o ry ,  
whereby th e  s t r e n g th  o f  a m a te r ia l  i s  d i c t a t e d  so ld y  by  th e  
p resen ce  o f  a m ic roscop ic  f law , Por m a te r i a l s  l i k e  g l a s s ,  
which approxim ate t o  e l a s t i c  b e h a v io u r ,  th e  model i s  u n d o u b ted ly
c o r r e c t ,  and th e  f law s p r e d ic t e d  by th e  ahove e q u a t io n  have 
heen observed  on th e  s u r f a c e s  o f  g l a s s  specimens (39)*
Problems a r i s e ,  however, when e n g in e e r in g  m a t e r i a l s ,  
such a s  m e ta ls ,  a r e  c o n s id e re d .  The c a l c u l a t e d  v a lu e s  o f  
in h e re n t  f law  s iz e s  may be  m eters  lo n g ,  and  th e  d i f f e r e n c e  
between the  measured and  c a l c u l a t e d  v a lu e s  o f  the  su r fa c e  
energy  i s  o f t e n  s e v e r a l  o rd e r s  o f  m agnitude.
This  i s  because  energy i s  b e in g  absorbed  d u r in g  the 
f r a c t u r e  p ro c e ss  th rough  p l a s t i c  f low . Irw in  (i+2) and 
Crowan (b3)  d isc o v e re d  t h a t  i t  was s t i l l  p o s s ib le  to  o b ta in  
a r e l a t i o n s h i p  o f  th e  form
djryrrcC = E x  c o n s ta n t
p ro v id ed  t h a t  p l a s t i c i t y  was co n f in e d  to  a sm a ll  r e g io n  around  
th e  c rack  t i p .
C onsequen tly , th e y  proposed  t h a t
Cf / r ro _  = J e ( 2 V  + Sp)
where tfp r e p r e s e n t s  th e  energy a s s o c i a t e d  w ith  p l a s t i c  
defo rm ation  a t  th e  c rack  t i p .  S u b seq u en tly , t h i s  h as  been  
f u r t h e r  g e n e r a l i s e d  to  accoun t f o r  o th e r  n o n l in e a r  e f f e c t s  
in  a ’ f r a c t u r e  en e rg y ’ te rm , (i+2).
S ince , th e  l a t t e r  te rm  cou ld  be  ig n o re d  w ith o u t
s i g n i f i c a n t  l o s s  o f  accu racy .
The r e s u l t s  so f a r  a r e  on ly  a p p l i c a b le  to  th e  i n f i n i t e ,  
c e n te r  c racked  p l a t e ,  lo ad ed  in  uniform  te n s io n .  F i n i t e  
b o u n d a r ie s  and d i f f e r e n t  lo a d in g  w i l l  make the  th e o ry  more 
co m p lica ted .
Irw in  (k5)  in t ro d u c e d  a r a t h e r  d i f f e r e n t  co n c ep t ,  which
was b ased  on the  h y p o th e s is  t h a t ,  a t  th e  p o in t  of* f r a c t u r e ,  
th e  s t r a i n  energy r e l e a s e  r a t e  (g iv en  th e  symbol G) reach ed  
a c r i t i c a l  v a lu e  Gq . The j u s t i f i c a t i o n  f o r  t h i s  may he seen  
hy  examining e q u a t io n  3*k*
d{jfcA)
da
where d(W-A) = G ( f o r  u n i t  th ic k n e s s )  
da c
G may th e r e f o r e  h e  c o n s id e re d  a f r a c t u r e  p r o p e r ty ,  v a lu e s  c
o f  which a re  e a s i l y  o b ta in e d  hy  ex perim en t.
Thus, f o r  a c racked  p l a t e ,  th ic k n e s s  t  w ith  a p p l ie d  lo a d  X 
moved a d is ta n c e  du and crack  e x te n s io n  da
G = 1 d(W-A) = 1 d (Xdu-dA)
t  da t  da
Por l i n e a r  e l a s t i c  p r o p e r t i e s ,  A  = iuX,
so t h a t
G = 1 d (Xdu -  £uX)
c t  da
= xf, dG
2 t  da ..............................................3 .8
where C = u/X
C i s  th e  com pliance o f  th e  c rack ed  p l a t e  (n o te  t h a t  i t  i s
n o t  a m a te r ia l  p r o p e r ty ) ,  and the  in v e rse  o f  i t s  s t i f f n e s s .
Measurement o f  G i s  in  two s ta g e s .  F i r s t ,  a  number o fc
t e s t s  a r e  perform ed to  determ ine C a t  a number o f  d i f f e r e n t
v a lu e s  o f  a .  C may he taken  a s  t h e  in v e r s e  o f  th e  g r a d ie n t
on a p l o t  o f  lo a d  v e r s u s  d e f l e c t i o n .  The g raph  o f  C v e r s u s  a
i s  then  d i f f e r e n t i a t e d  to  produce v a lu e s  o f  dC a t  a  g iv en
da
c ra c k le n g th .  I t  i s  th e n  on ly  n e c e s s a ry  to  measure th e  f r a c t u r e
lo a d  a t  a p a r t i c u l a r  c ra c k le n g th  to  o b ta in  v a lu e s  o f  G .c
3*5 The S t r e s s  I n t e n s i t y  F a c to r
I t  was seen  t h a t  th e  G r i f f i t h  energy b a la n c e  le a d s  to  
the  measurement o f  f r a c t u r e  energy as  a m a te r ia l  p ro p e r ty .
An a l t e r n a t i v e  approach  i s  to  examine th e  s t r e s s  d i s t r i b u t i o n  
around th e  e rac h .
F o r  example, c o n s id e r  th e  c e n tr e  c racked  p l a t e  lo a d ed  
a t  i n f i n i t y  by a un iform  s t r e s s  C7“ ( f i g  3 .2 ) .  The s t r e s s  f i e l d
i s  o b ta in e d  by examining th e  I n g l i s  s o lu t io n  f o r  an e l l i p t i c a l
c a v i ty ,  and l e t t i n g  the  minor a x i s  te n d  to  z e ro .  W este rgaard  
(46) showed t h a t  th e  s t r e s s e s  a t  a p o in t  w ith  p o la r  c o o rd in a te s  
( r , 0 )  from th e  c rack  t i p ,  a r e  g iven  by ;
Cg*, = +■ ^>,n’§L S in 2^ >) + h ig h e r  o rd e r  term s
= OjgT C o s f C l - ^ t S i ^ - )  + „ . . .  3.
' 753 = ( T j f ' s 1n i c o s § C o s ^  +
(see  r e f .  47 > f o r  a d e r iv a t io n  o f  th e s e  e q u a t io n s . )
Where Oj^ (JZ*. a r e  th e  t e n s i l e  s t r e s s e s  in  th e  x and  y
d i r e c t i o n s ,  and Tx.  ^ i s  the s h e a r  s t r e s s  in  th e  xy p la n e .
The s t r e s s e s  v a ry  w ith  th e  square  r o o t  o f  th e  c ra c k  
l e n g th ,  and a ls o  te n d  to  i n f i n i t y  a t  v e ry  c lo se  d i s t a n c e s  to  
th e  c rac k  t i p .  T h is  can le a d  t o  co n c ep tu a l  d i f f i c u l t i e s ,  and 
i t  i s  u s u a l ly  argued  t h a t  ( e .g .  48) below a c e r t a i n  s c a l e ,  
continuum a n a ly s i s  becomes in a p p r o p r i a t e .
In  f r a c t u r e  m echanics, e q u a t io n s  3*9 a r e  w r i t t e n
<35*3 =  jSrrr C o s 2l [ l  +
where K = CTJrra.
K i s  known a s  the s t r e s s  i n t e n s i t y  f a c t o r ,  and may be 
co n s id e red  a s  a conven ien t p a ra m e te r ,  combining b o th  c rac k
geometry and th e  d i s t r i b u t i o n  o f  a p p l ie d  lo a d in g .  I t  i s  
g e n e r a l ly  p o s s ib le  to  d e f in e  K f o r  any c rack  geom etry and 
a p p l ie d  lo a d in g  as
K = ycr/fr«- . # . 3 #10
where G~ i s  a s t r e s s ,  a i s  a c ra c k le n g th  and Y i s  a g e o m e tr ic a l  
f a c t o r  a c co u n tin g  f o r  boundary  e f f e c t s ,  crack  geom etry an d  
shape . A la rg e  p a r t  o f  a n a l y t i c a l  work in  f r a c t u r e  m echanics 
i s  concerned  w ith  th e  e v a lu a t io n  o f  Y, and th e re  a r e  s e v e r a l  
p u b l i c a t io n s  l i s t i n g  s t r e s s  i n t e n s i t y  f a c t o r s  f o r  th e s e  
c o n f ig u ra t io n s  (1+9, 50, 51, 5 2 ) .
E quation  3*10 i s  s t r i c t l y  on ly  r e le v a n t  to  c ra c k  lo a d in g  
in  t e n s io n .  To accoun t f o r  more co m p lica ted  lo a d in g ,  
p a r t i c u l a r l y  in  th r e e  d im ensions, th r e e  b a s i c  c ra c k  s u r fa c e  
d isp lace m en ts ,  a s  shown in  f i g  3«3, a re  d e f in e d .
Mode I  i s  o f te n  r e f e r r e d  to  a s  open ing , mode I I  a s  
s l i d i n g ,  and mode I I I  a s  t e a r i n g .  These a r e  added a s  sub­
s c r i p t s  to  th e  s t r e s s  i n t e n s i t y  f a c t o r ,  a c c o rd in g  to  th e  
r e le v a n t  s t r e s s  environm ent. Thus K^, e t c .
The s t r e s s  i n t e n s i t y  f a c t o r  may be r e l a t e d  to  th e  s t r a i n  
energy r e l e a s e  r a t e  (G), by v i r t u a l  work a rgum en ts . For 
example, in  p lan e  s t r e s s ,  K nott shows t h a t  (1+7)
G = K^/E . . . .  3 . H
where E i s  the Young1 s modulus.
Irw in  (1+5) dem onstra ted  t h a t  G measured a t  f r a c t u r e  
p ro v id ed  a u s e f u l  f r a c t u r e  p r o p e r ty  G . E quation  3 » H  showsC
t h a t  the  s t r e s s  i n t e n s i t y  f a c t o r  reac h es  a c r i t i c a l  v a lu e  a t
f r a c t u r e ,  and may a l s o  be  u sed  a s  a f r a c t u r e  p r o p e r ty .  T h is
i s  known as  f r a c t u r e  to u g h n ess , and i s  g iven  th e  symbol K .
C u r r e n t ly ,  the  use o f  and G a s  a m a te r ia l  p r o p e r ty  i sc c
Fig
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r e s t r i c t e d  to  mode I .  This  i s  because  th e  e x te n s io n  o f  c rac k s  
in  modes I I  and I I I  ten d  to  he n o n -p la n a r .  T h is  makes 
j u s t i f i c a t i o n  o f  c r i t i c a l  v a lu e s  o f  and d i f f i c u l t  £U8).
M oreover, th e  use o f  K jc was e s t a b l i s h e d  u s in g  l i n e a r  
e l a s t i c i t y  th e o ry .  Experim ents (53) showed t h a t ,  where p l a s t i c  
e f f e c t s  became s i g n i f i c a n t ,  K jc was a fu n c t io n  o f  a number o f  
v a r i a b l e s ,  e .g .  specimen th ic k n e s s .
The use  o f  a s  a f r a c t u r e  toughness  i s  t h e r e f o r e  
l im i t e d  to  th e  case where th e  m a te r ia l  b eh a v io u r  i s  predom in­
a n t ly  e l a s t i c .  T h is  has  s t i l l  in c lu d e d  a l a r g e  and u s e f u l  
range o f  lo a d in g  s i t u a t i o n s ,  and i s  r e f e r r e d  to  as  l i n e a r  
e l a s t i c  f r a c t u r e  mechanics (L .E .F .M .)•
3*6 S t r e s s  R e l i e f  a t  th e  Crack Tip
Continuum th e o ry  p r e d ic t s  v e ry  h ig h  s t r e s s e s  a t  th e  
c rac k  t i p .  For most m a te r i a l s ,  p a r t i c u l a r l y  m e ta l s ,  th e se  
s t r e s s e s  w i l l  b e  g r e a t e r  than  th e  y i e l d  s t r e s s  f o r  th e  
m a te r i a l .  The consequence o f  t h i s  i s  t h a t  a  zone o f  p l a s t i c a l l y  
deformed m a te r ia l  w i l l  e n c i r c l e  th e  c rack  t i p .
As a f i r s t  app rox im ation , th e  s iz e  o f  t h i s  zone may be 
e s t im a te d  u s in g  th e  e l a s t i c  c rack  t i p  s t r e s s  e q u a t io n  3*9 w ith  
~ C5  3 <9 = 0
th u s ,  th e  p l a s t i c  zone le n g th  r  i s  g iv en  by«y
This i s  f o r  p lane  s t r e s s  lo a d in g .  Under p la n e  s t r a i n  
c o n d i t io n s ,  p l a s t i c  defo rm ation  i s  r e s t r a i n e d  by  th e  su rro u n d in g  
m a te r i a l .  A s im i l a r  a n a ly s i s  shows t h a t
2.
3 .1 2
As th e  s iz e  o f  th e  zone in c r e a s e s ,  th e se  e x p re s s io n s  
become l e s s  a c c u r a te ,  and i t  i s  n e c e s s a ry  to  use d i f f e r e n t  
approaches to  a s s e s s  th e  e f f e c t s  o f  e x te n s iv e  p l a s t i c i t y .
S ince eq.uat i o n s  3*12, 3*13 g iv e  an i n d i c a t io n  o f  the 
e x te n t  o f  p l a s t i c i t y ,  th e y  may he u sed  a s  a l i m i t i n g  c r i t e r i o n  
f o r  L.E.F.M. t e s t  p i e c e s .  K nott (k7) > su g g e s ts  t h a t  th e  
minimum th ic k n e s s ,  th e  c ra c k le n g th  and le n g th  o f  th e  uncracked  
l igam en t shou ld  he  governed hy th e  e q u a tio n
where t  i s  th e  specimen th ic k n e s s ,  W th e  specimen l e n g th  and 
a  th e  c r a c k le n g th .
3 .7  The S t a t i s t i c s  o f  F ra c tu re
An im p o rtan t c h a r a c t e r i s t i c  o f  f r a c t u r e ,  a s  y e t  
unm entioned, i s  i t s  s t a t i s t i c a l  n a t u r e .  This i s  p r i n c i p a l l y  
o f  i n t e r e s t  in  b r i t t l e  m a te r ia l s  where e x p e r im en ta l  s c a t t e r  
in  s t r e n g t h  t e s t s  i s  v e ry  h ig h .  I t  i s  w e l l  known t h a t ,  f o r  
example, th e  s t r e n g th  o f  g l a s s  v a r i e s  ov er  s e v e r a l  o rd e r s  o f  
magnitude (5U). The s c a t t e r  i s ,  in  th e  case  o f  g l a s s ,  caused  
hy th e  p resen ce  o f  a  range o f  flgw s p r e s e n t  in  th e  m a t e r i a l ,  
each w ith  i t s  own c r i t i c a l  s t r e s s ,  a s  p r e d ic t e d  by eq u a tio n  3*6 
The “w ors t f la w ” in  each  specimen w i l l  r a r e l y  he th e  same.
This i s  th e  b a s i s  o f  th e  s t a t i s t i c a l  approach  to  
f r a c t u r e ,  which seeks to  model, u s in g  m athem atica l a n a lo g ie s ,  
th e  f r a c t u r e  p ro c e s s ,  and hence th e  d i s t r i b u t i o n  o f  ex p e c te d  
m a te r ia l  s t r e n g t h s .
The e a r l i e s t  and most famous model u s u a l l y ,  b u t  p e rh ap s  
e r ro n e o u s ly  (55) a t t r i b u t e d  to  W eibull (5 6 ) ,  i s  known as  th e  
“w eakest l i n k ” model. T h is  i s  so named because, i t  i s  b a s e d
a = t  = (W-a) y 3 .1 k
on th e  concept t h a t  f r a c t u r e  i s  caused  hy th e  u n s ta b le  
p ro p a g a t io n  o f  a s i n g l e  f law . Such mechanisms a s  c rack  
a r r e s t  and th e  co a lescen ce  o f  sm all c ra c k s  a r e  ig n o re d .
W e ib u llf s e q u a t io n  i s  o f  th e  form
F(<ri -  1 -  ~ p{ - $  ( § f  j
(See r e f :  57 f o r  a d e r iv a t io n )  
where F(cr) i s  the  p r o b a b i l i t y  o f  f r a c t u r e  a t  a s t r e s s  cr, . V 
i s  th e  volume o f  lo a d ed  m a te r i a l ,  Vo th e  mean v o lu m e /u n i t  
f la w , 07 a mean s t r e n g t h ,  and oL a f law  s iz e  p a ra m e te r .
The main problem i s  th e n  to  d e r iv e  a p h y s ic a l  i n t e r p r e ­
t a t i o n  to  Vo and <<- (5 8 ) ,  so t h a t  ex p e r im en ta l  p o in t s  may be 
superim posed on a c a l c u l a t e d  p r o b a b i l i t y  cu rv e . T h is  immed­
i a t e l y  r e v e a l s  a  d isa d v an ta g e  o f  th e  approach ; a c c u r a te  model 
t e s t i n g  by experim ent w i l l  n e c e s s i t a t e  th e  c o l l e c t i o n  o f  a t  
l e a s t  hundreds o f  t e s t  r e s u l t s .  F u r th e r ,  th e  a n a ly s i s  may 
w e ll  descend to  r a t h e r  p r o f i t l e s s  and in d i s c r im in a te  cu rve  
f i t t i n g  to  the  t e s t  r e s u l t s  (5 7 ) .
There a r e ,  however, two im p o r ta n t p r i n c i p l e s  which 
emerge from th e  th e o ry
( i )  The d i s t r i b u t i o n  o f  e x p e r im e n ta l  r e s u l t s  i n  s t r e n g t h  
t e s t s  a r e  o f te n  m erely  t a b u la t e d  and th e n  ig n o re d .  The 
s t a t i s t i c a l  approach  to  f r a c t u r e  dem onstra te s  t h a t ,  a t  l e a s t  
f o r  b r i t t l e  m a t e r i a l s ,  the  d i s t r i b u t i o n  o f  r e s u l t s  ab o u t  a 
mean v a lu e  i s ,  i f  a n y th in g ,  more s i g n i f i c a n t  than  th e  mean 
v a lu e .
( i i )  W eibull*s e q u a t io n  dem onstra tes  th e  im portance  o f  
specimen s i z e  on th e  t e n s i l e  s t r e n g t h .  As a crude 
app rox im ation , i t  may be s a i d  t h a t ,  a s  the s iz e  o f  t h e  
specimen in c r e a s e s ,  th e  s t r e n g t h  and s c a t t e r  b o th  re d u c e .
3.8  H e te ro g e n e ity
The la c k  o f  homogeneity in  a m a te r ia l  i s  v e ry  c r i t i c a l ,  
n o t  on ly  because  continuum a n a ly s i s  may become in a p p r o p r ia t e ,  
b u t  a l s o  b ecause  th e  p r e c i s e  n a tu r e  of the  h e te r o g e n e i ty  w i l l  
have a p ro found  in f lu e n c e  on th e  f r a c t u r e  phenomenon.
I t  was seen e a r l i e r  t h a t  p l a s t i c i t y  e f f e c t s  in  m e ta ls  
r e l a t e  v e ry  s t r o n g ly  to  what happens a t  th e  c rac k  t i p .  The 
b a s i c  mechanism o f  p l a s t i c  flow  i s  th e  d i s l o c a t i o n ,  which i s  
a s t r u c t u r a l  d i s c o n t in u i ty  a t  th e  atom ic l e v e l .
Indeed , c o n s id e ra b le  a t t e n t i o n  has been  g iven  to  th e  
fo rm u la t io n  o f  d i s l o c a t io n  models f o r  c leavage  f r a c t u r e  
me chan i sms (h i )•
Gross p e r tu r b a t io n s  in  th e  s t r e s s  f i e l d  a r e  a l s o  caused  
by  in c lu s io n s ,  and th e se  a c t  a s  severe  s t r e s s  c o n c e n t r a t io n s  
in  most m a te r i a l s .  In  g e n e ra l ,  p a r t i c u l a t e  in c lu s io n s  a c t  as  
o b s ta c le s  to  p l a s t i c  f low . This w i l l  l e a d  to  h ig h  s t r e s s e s  
a t  th e  m a t r i x / p a r t i c l e  i n t e r f a c e  which may w e ll  b e  s u f f i c i e n t  
to  n u c le a te  a c rac k .
P o s s ib ly  th e  most obvious type  o f  h e te r o g e n e i ty  i s  a ' 
c a v i ty ,  which may be co n s id e re d  a s  an in c lu s io n  o f  m a te r i a l  
w i th  n e g l i g i b l e  modulus, and w i l l  cause an in c r e a s e  i n  th e  
l o c a l  t e n s i l e  s t r e s s e s  in  any lo a d  b e a r in g  m a t e r i a l .  T h is  
may, a s  G r i f f i t h  d em onstra ted , p ro v id e  a s i t e  f o r  th e  
i n i t i a t i o n  o f  a c rac k  and e v e n tu a l  g ro s s  f r a c t u r e  o f  th e  
m a te r i a l .  Once th e  c ra c k  i s  ru n n in g ,  however, i t  may be 
a r r e s t e d  i f  i t  runs in to  a c a v i ty .  T h is  i s  b ecau se  th e  s t r e s s  
c o n c e n tr a t io n  f a c t o r  a t  th e  c ra c k  t i p  w i l l  suddenly  be  reduced  
to  below th e  c r i t i c a l  l i m i t .
A nother c l a s s  o f  h e te ro g e n e i ty  i s  th e  i n t e r f a c e .  I t  
has long  been re c o g n ise d  t h a t  i n t e r f a c e s  can p ro v id e  im p o r ta n t
toughening  mechanisms in  o th e rw ise  b r i t t l e  m a t e r i a l s .  What 
i s  undoubted ly  t r u e  i s  t h a t  th e  p resen ce  o f  i n t e r f a c e s  in  
th e s e  m a te r ia l s  com ple te ly  changes th e  mechanics o f  f r a c t u r e .
The s u b je c t  i s  ex trem ely  co m p lica ted , and f o r  t h i s  
rea so n  d is c u s s io n  w i l l  be l i m i t e d  to  th e  b r i t t l e  f i b r e  
r e in f o r c in g  b r i t t l e  m a tr ix  c l a s s  o f  m a te r i a l .  For a more 
comprehensive t r e a tm e n t ,  the  r e a d e r  i s  ad v ised  to  s tu d y  
r e f s .  (59 -  66, 6 8 ) .
S e v e ra l  mechanisms f o r  t h e  f r a c t u r e  o f  t h i s  type o f  
m a te r i a l  have been proposed .
( i )  Homogeneous f r a c t u r e
I f  th e  i n t e r f a c i a l  s t r e n g th  i s  s u f f i c i e n t ,  th e  h ig h  
c o n c e n tr a t io n  o f  t e n s i l e  s t r e s s  a t  th e  t i p  o f  a  m a tr ix  c rack  
w i l l  be t r a n s m i t t e d  to  th e  f i b r e ,  which may f r a c t u r e  a t  t h a t  
p o i n t .  The p resen ce  o f  the  i n t e r f a c e ,  in  t h i s  s i t u a t i o n ,  
has no e f f e c t  on th e  f r a c t u r e  o f  th e  com posite .
( i i )  Random f r a c t u r e
With a g iven  range  o f  f law s  in  the  f i b r e s ,  th e s e  may f a i l  
in  a random fa s h io n  a t  a s u f f i c i e n t  s t r e s s  l e v e l .  Where a 
f i b r e  b re a k s ,  th e  lo a d in g  w i l l  be t r a n s m i t t e d  to  th e  m a tr ix .  
E v e n tu a l ly  th e  m a tr ix  w i l l  a l s o  f r a c t u r e  an d , because  of th e  
h ig h  c o n c e n tr a t io n  o f  s t r e s s  a t  t h e  p o in ts  o f  f i b r e  f r a c t u r e  
the  m a tr ix  c rac k s  w i l l  te n d  to  j o i n  th e se  p o in t s  t o g e th e r .
T h is  mechanism can a r i s e  when th e  f i b r e s  f a i l  a t  a lo w er  
s t r a i n  th an  th e  m a tr ix  and when th e  i n t e r f a c e  i s  s t r o n g  (17) •
( i i i )  Debonding: Cook-Gordon model (65)
A ccord ing  to  Cook (39) > the  p o in t  o f  maximum t e n s i l e
s t r e s s  in  th e  p lane o f  th e  c rack  l i e s  some d is ta n c e  ah ead  of 
th e  c rack . I f  th e  i n t e r f a c e  i s  s u f f i c i e n t l y  weak i t  w i l l  
f a i l  in  te n s io n  b e fo re  th e  main c rack  re a c h e s  i t .  T h is  i s
uui\ — uui uui i 1 1 ic= i_ i i a i  i i  o i m
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Fig 3 .4
shown in  f i g  3 *k*
A secondary  c rack  w i l l  t h e r e f o r e  ex ten d  outw ards a long  
th e  f i b r e  to  some, a s  y e t  u n s p e c i f i e d  v a lu e ,  u n t i l  the  f i b r e  
f r a c t u r e s .  I f  th e  f i b r e  o r i e n t a t i o n  i s  p e rp e n d ic u la r  to  th e  
main c ra c k ,  th e  f i b r e  may f a i l  i n  te n s io n .  Under more g e n e ra l  
f i b r e  o r i e n t a t i o n s ,  th e  f i b r e  may f a i l  in  bend ing  o r  s h e a r .
( iv )  Debonding: O utw ater -  Carnes model ( 6 7 )
This mechanism i s  on ly  a p p l ic a b le  f o r  th o se  com posites  
whose f i b r e  s t r a i n  a t  f r a c t u r e  i s  g r e a t e r  th an  the  m a tr ix  
f r a c t u r e  s t r a i n .  Thus, when a m a tr ix  c rack  re a c h e s  a f i b r e ,  
a  secondary  c ra c k  i s  i n i t i a t e d  in  s h e a r .  The f i b r e  i s  then  
a b le  to  s t r e t c h  as  t h e  i n t e r f a c e  c rack  moves a long  th e  f i b r e .  
Movement o f  t h i s  c rack  i s  a t t r i b u t e d  to  f a i l u r e  o f  th e  
m a tr ix  (67)*
This debonding p ro c e s s  c o n t in u es  u n t i l  th e  f i b r e  f r a c t u r e  
s t r a i n  i s  reach ed .
(v) F ib re  p u l l - o u t  (6 3 )
With th e  e x te n s io n  o f  a m a tr ix  c ra c k ,  f i b r e s  o r i e n t a t e d  
a t  r i g h t  a n g le s  to  th e  c rack  may be p u l le d  ou t o f  th e  m a tr ix .  
For a b r i t t l e  system , t h i s  w i l l  on ly  tak e  p la c e  a f t e r  
debonding has o c c u rre d .
K e lly  shows t h a t  (6 3 ) ,  where t h i s  happens, th e  r a t i o  o f  
work done by debonding to the  work done by p u l l - o u t  i s
where 0 |  and  a r e  th e  f i b r e  t e n s i l e  s t r e n g t h  and Young1 s 
m odu lus .. The r a t i o  i s  always v e ry  much l e s s  th a n  u n i t y .
However, i t  i s  im p o rtan t to  r e a l i s e  t h a t  th e  p u l l - o u t  
mechanism i s  dependant on th e  c ra c k le n g th  d im ension . Where 
th e  specimen w id th  i s  sm a ll ,  i t  i s  p o s s ib le  t h a t  th e  c ra c k  
w i l l  t r a v e r s e  th e  specimen b e fo re  any p u l l - o u t  has  o c c u r re d .
A lso , th e  c o n t r ib u t io n  o f  p u l lo u t  to  th e  f r a c t u r e  energy 
w i l l  in c re a s e  w ith  c rac k  e x te n s io n .  This has  i n t e r e s t i n g  
consequences, which a r e  e x p lo re d  in  C hap ter  7*
R e s is ta n c e  to  p u l lo u t  i s  p ro v id ed  by a f r i c t i o n a l  s h e a r  
s t r e s s  between f i b r e  and m a tr ix .  As th e  le n g th  o f  th e  
embedded f i b r e  i s  in c re a s e d ,  the  fo rc e  r e q u i r e d  to  e x t r a c t  
th e  f i b r e  w i l l  th e r e f o r e  i n c r e a s e ,  and  w ith  i t ,  th e  f i b r e  
t e n s i l e  s t r e s s .  C onsequen tly , th e re  w i l l  b e  a l i m i t i n g  
l e n g th  o f  embedded f i b r e ,  beyond which th e  f i b r e  w i l l  f r a c t u r e  
b e fo re  p u l l - o u t  can o ccu r.
B a lan c in g  sh e a r  an d  t e n s i l e  f o r c e s  on th e  f i b r e ,  and 
n e g l e c t in g  any r e s i s t a n c e  to  p u l l - o u t  on the  end o f  t h e  
f i b r e ,
TTd L T  = U . olV 
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where L = le n g th  o f  embedded f i b r e  
d = f i b r e  d iam ete r
= r e s i s t i n g  sh e a r  s t r e s s  
O' = t e n s i l e  s t r e s s  in  th e  f i b r e  
when CT reach es  th e  f i b r e  t e n s i l e  l i m i t  Op , th e  c r i t i c a l  
l e n g th  Lc
= d .O £
4 T
S ince th e  r a t i o  i s  g e n e ra l ly  n o t  more than  o f  o r d e r
100 th e  maximum a s p e c t  r a t i o  f o r  a f i b r e  f o r  p u l l - o u t  t o  ta k e
p la c e  i s  about 25• This means t h a t  th e  mechanism w i l l  o n ly
ta k e  p la ce  i n  con tinuous  f i b r e s  i f  th e y  have p r e v io u s ly
f r a c t u r e d  to  w i th in  L o f  th e  m a tr ix  c ra c k .  T h is  can o ccu rc
th rough  th e  mechanism o f  random f r a c t u r e ,  p r e v io u s ly  
d isc u sse d .
These f r a c t u r e  mechanisms have been  o bse rved  in  t e s t s ,
and th e  t h e o r e t i c a l  t r e a tm e n t  o f  each c o r r e l a t e s  w e ll  w ith  
exp e rim en ta l  r e s u l t s  f o r  c e r t a i n  system s, a l th o u g h  no u n i f i e d  
th e o ry  e x i s t s  to  cover a l l  com posite system s. Thus, w hile  
th e  O utw ater/C arnes model p ro v id e s  a re a so n a b le  e s t im a te  f o r  
th e  f r a c t u r e  energy  o f  a g la s s  f i b r e  r e in f o r c e d  epoxy m a tr ix ,  
ex p e r im en ta l  r e s u l t s  d id  n o t  j u s t i f y  i t  f o r  a bo ron /epoxy  
system  (6 6 ) .
As a g e n e ra l  r u l e ,  th e  t h e o r e t i c a l  approaches seek  to  
r e l a t e  th e  p h y s ic a l  p r o p e r t i e s  o f  the m a tr ix  and  f i b r e  to  th e  
m easured toughness  o r  f r a c t u r e  ene rgy .
In  p a r t i c u l a r ,
= £p ,d ,  v?> E*«,
where 0  i s  a f u n c t io n  o f
Of th e  f i b r e  t e n s i l e  l i m i t  
th e  f i b r e  e l a s t i c  modulus 
d  th e  f i b r e  d ia m e te r  
Vjp th e  volume f r a c t i o n  o f  f i b r e s  
in  th e  com posite 
Ew th e  m a tr ix  e l a s t i c  modulus 
0 ^  th e  m a tr ix  t e n s i l e  l i m i t  
'T' th e  i n t e r f a c i a l  s h e a r  s t r e n g t h
There ap p e a rs  to  be a g e n e ra l  consensus t h a t  (62) th e  
com posite toughness w i l l  in c re a s e  w i th  a d ec re ase  i n  'Y , an 
in c re a s e  i n  Qj> , and an in c re a s e  in  d.
3*9 The F ra c tu re  Mechanics o f  Bone
3.9*1 P re v io u s  work
The s tudy  o f  th e  f r a c t u r e  mechanics o f  bone s t a r t e d  
w ith  C u rrey f s pap e r  (69) on s t r e s s  c o n c e n t r a t io n s  in  bone .
By u s in g  continuum th e o ry  and making s e v e ra l  assu m p tio n s  a s  
to  th e  shape o f  th e  v a r io u s  types  o f  n a t u r a l l y  o c c u r r in g  
i n t e r n a l  c a v i t i e s ,  he was a b le  to  e v a lu a te  a s t r e s s  co n c e n tra  
t i o n  f a c t o r  f o r  each  type  o f  c a v i ty ,  a s  shown below .
A lthough C urrey  does n o t  m ention i t ,  t h i s  s ta te m e n t  i s  
b ased  on s e v e r a l  assum ptions which may n o t  b e  j u s t i f i e d .
( i )  That each  c a v i ty  may b e  co n s id e red  a s  an  i s o l a t e d  
d i s c o n t in u i ty  w i th in  a continuum. P rox im ity  e f f e c t s  from 
o th e r  d i s c o n t i n u i t i e s ,  in c lu d in g  c a v i t i e s  and  i n t e r f a c e s ,  
a r e  ig n o re d .  In  view o f  th e  complex s t r u c t u r e  o f  bone (see  
C hap te r  2 ) ,  t h i s  i s  p ro b ab ly  u n re a so n a b le .
( i i )  That th e  m a te r ia l  i s  p e r f e c t l y  e l a s t i c .  An 
i n t e r n a l  c a v i ty  w ith  s t r e s s  c o n c e n t r a t io n  f a c t o r  3> s a y ,  w i l l  
on ly  reduce the  u l t im a te  t e n s i l e  s t r e n g th  by th e  same f a c t o r  
i f  no r e l a x a t io n  ta k e s  p la c e  a t  t h e  p o in t  o f  maximum s t r e s s .  
The r e p o r te d  n o n - l in e a r  p r o p e r t i e s  o f  bone (2 2 ) ,  s u g g e s t  t h a t  
t h i s  i s  u n l ik e ly .
( i i i )  That th e  m a te r ia l  i s  i s o t r o p i c .  A lthough  th e  
g ro ss  a n is o t ro p y  o f  bone, a s  measured by v a r io u s  w orkers  ( 3 2 ) ,  
would on ly  r e s u l t  in  an e r r o r  in  th e  c a l c u l a t e d  v a lu e  o f  Kt
o f  o rd e r  25% ( 4 0 ) ,  th e  l o c a l  a n i s o t ro p y  around  th e  c a v i ty  w i l l  
a lm ost c e r t a i n l y  be g r e a t e r  than  th e  measured v a lu e s .  T h is  i s
C a v ity
Blood v e s s e l s
C a n a l i c u l i
Lacunae ( i )  Bovine
S t r e s s  c o n c e n t r a t io n  f a c t o r  (Kt)
( i i )  Human
3
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2.72  -  4 .23  
4 .175 -  5 .36
These, he a rg u ed , reduced  th e  s t a t i c  u l t im a te  t e n s i l e
2s t r e s s  by K t, and th e  im pact s t r e n g th  by  Kt .
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in  mo
■because th e  f ib r o u s  e f f e c t  w i l l  become more pronounced as  
th e  co n s id e red  dim ension becomes s m a l le r .
The im portance o f  Currey*s pap e r  (6 9 ) ,  however, was n o t  
in  the  c a l c u l a t i o n  o f  s t r e s s  c o n c e n tr a t io n  f a c t o r s ,  b u t  in  
h ig h l i g h t in g  the  p o s s i b i l i t y  o f  n a t u r a l l y  o c c u r r in g  f law s  
a c t in g  as  c rack  i n i t i a t o r s  in  bone. T h is  i s  fundam enta l to  
th e  s tu d y  o f  b r i t t l e  f r a c t u r e  in  any m a te r i a l ,  and  i n d ic a t e d  
th e  need  f o r  a f r a c t u r e  mechanics approach  to  th e  m a te r i a l .
S ince th e n ,  a number o f  w orkers have measured th e  
f r a c t u r e  energy , o r  work o f  f r a c t u r e  o f  bone, and th e  r e s u l t s  
o f  some o f  th e se  a r e  summarised in  t a b le  3 .1 .  Where n e c e s s a r y ,  
th e  p u b l is h e d  v a lu e s  have been c o n v e rted  to  SI u n i t s .
B o n f ie ld  and L i (22) c a r r i e d  ou t a Charpy t e s t  on
\
n o tch ed  and unnotched  specim ens. They d is c o v e re d  t h a t  a 
0 .0 3 ”9 b5° n o tc h  reduced  th e  f r a c t u r e  energy  c o n s id e r a b ly .
This dem onstra ted  t h a t  bone i s  n o tc h  s e n s i t i v e .  The r e s u l t  
may be compared w ith  Currey* s o b se rv a t io n  (17) t h a t  a  sm a ll  
t r a n s v e r s e  h o le  in  a s h e e t  t e n s i l e  specimen has  no e f f e c t  on 
th e  u l t im a te  t e n s i l e  s t r e s s ,  b u t  r e d u c e s . th e  n o n - l i n e a r  
response  c o n s id e ra b ly .
A development o f  th e  Gharpy t e s t  i s  to  c o n t r o l  th e
f r a c t u r e  r a t e ,  so t h a t  c rack  v e l o c i t i e s  and  lo a d in g  r a t e s
a re  c o n s id e ra b ly  reduced . P ie k a rs k i  (70) u sed  such a t e s t
method, as  p roposed  by T a t t e r s h a l l  and Tappin (71)* The
specimen shape i s  shown in  f i g  3 . 5 . P ie k a rs k i* s  r e s u l t s ,
however, do n o t  compare w ith  th o se  o b ta in e d  in  an i d e n t i c a l
s e r i e s  o f  t e s t s  c a r r i e d  ou t in  t h i s  s tu d y ,  which p roduced
-2v a lu e s  o f  1 .3  -  2 .7  KJm f o r  th e  work o f  f r a c t u r e  o f  
t r a n s v e r s e  c rac k s  in  young b o v in e  fem ora.
This d isc rep an cy  i s  so l a r g e  t h a t  a r i t h m e t i c a l  e r r o r s
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may have “been made. For example, P ie k a rs k i  (70) has 
i n c o r r e c t l y  co n v e rted  th e  p u b lis h e d  v a lu e s  of th e  works o f  
f r a c t u r e  o f  v a r io u s  m a te r ia l s  from T a t t e r s h a l l  and Tappin (71)*
I f  t h i s  f a c t o r  i s  a p p l ie d  to  P i e k a r s k i1s r e s u l t s ,  th e  
d isc re p a n c y  i s  reduced , a l th o u g h  th e y  a re  s t i l l  very  much 
l a r g e r  th a n  any o th e r  p u b l is h e d  v a lu e  f o r  th e  work o f  f r a c t u r e .  
Pope and O utwater (72) u sed  two v e ry  d i f f e r e n t  e x p e r im e n ta l  
methods to  measure th e  work o f  f r a c tu r e  in  the  t r a n s v e r s e  and  
lo n g i t u d in a l  d i r e c t i o n s .  F o r  th e  t r a n s v e r s e  t e s t s ,  whole bones 
were lo a d ed  in  3 p o in t  b en d in g . These were n o tc h e d  so t h a t  
th e  c rack  moved around  th e  c o r te x  on one f r o n t  o n ly .  T h is  i s  
shown on f i g  3 ,6 .
L o n g itu d in a l  c ra c k in g  was o b ta in e d  u s in g  a wedge opening  
tech n iq u e  which c o n s i s te d  o f  d r iv in g  two opposing  t a p e r s  in to  
a h o le  in  th e  middle o f  th e  specim en. T h is  f o r c e d  th e  
d iam ete rs  a p a r t ,  and  e v e n tu a l ly  ex tended  the  c rac k s  outw ards
Works o f  f r a c t u r e  were c a l c u l a t e d  from th e  l o a d /e x t e n s io n  
re c o rd ,  u s in g  an energy  b a la n c e  te c h n iq u e .  As w ith  p re v io u s  
s t u d i e s ,  th e  th e o ry  assumed a l i n e a r ,  p e r f e c t l y  e l a s t i c  
re sp o n se , a l th o u g h  t h i s  was n o t  s p e c i f i c a l l y  s t a t e d .
B o n f ie ld  and D a tta  (73) measured the  f r a c t u r e  ene rgy  o f  
bone u s in g  a L.E.F.M. approach . The e x p e r im en ta l  method had  
been developed by Reed and S q u ire s  (7k)  and  u se d  th in - w a l l e d  
c y l i n d r i c a l  specimens lo a d ed  by i n t e r n a l  p r e s s u re  a t  v e ry  
h ig h  s t r a i n  r a t e s  (7 s “^ ) .  The lo a d in g  was a t  im pact r a t e s ,
Q p
P iek a rsk i*  s co n v e rs io n  o f  l.ij. x 10 ergs/cm  i s  63k  kg/cm 
The c o r r e c t  v a lu e  i s
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( f i g  3 .7 )
and was produced w ith  un iform  hoop s t r e s s .
L o n g itu d in a l  n o tc h es  of v a r io u s  le n g th s  were machined 
in  the  specim ens, which were then  lo a d e d  to  f r a c t u r e .  V alues
o f  hoop f r a c t u r e  s t r e s s  were p l o t t e d  a g a in s t  ( n o tc h le n g th ) ” 2. 
A s t r a i g h t  l i n e  r e l a t i o n s h i p  was produced. The hoop f r a c t u r e  
s t r e s s  was a l s o  measured a g a in s t  v a r io u s  n o tc h  t i p  r a d i i ,  
from 0.19 to  1 .23  mm a t  c o n s ta n t  n o tc h  le n g th .  I t  was shown 
t h a t  th e  r e s u l t s  co u ld  he  f i t t e d  to  In g l is *  e q u a t io n  (3k)
The experim ent dem onstra ted  t h a t ,  under  th e s e  c o n d i t io n s ,  
hone hehaves a s  a v e ry  b r i t t l e  m a te r ia l  w ith  a v e ry  low t e n s i l e  
s t r e n g th .  The f r a c t u r e  energy  o f  hone was o b ta in e d  from 
G r i f f i t h * s  e q u a tio n
v e ry  c lo se  to  th e  a c tu a l  s u r fa c e  energy o f  hone .
In  a l a t e r  pap e r  (15) 9 B o n f ie ld  and D a tta  a g a in  u se d  a 
L.E.P.M. approach to  s tu d y  the  e f f e c t s  o f  t r a n s v e r s e  n o tc h e s  
in  hone. The machined n o tc h e s  were f l a t  and lo a d ed  in  t e n s io n  
a t  b o th  ends v i a  m etal s h e e ts  g lu e d  to  the  hone . A s in g l e  
edge n o tch  was machined a t  th e  mid p o in t  o f  th e  specim en.
The s t r a i n  r a t e  was 3 x 10~^s*~\ As b e f o r e ,  a s t r a i g h t  l i n e  
was o b ta in e d  f o r  a p lo t  o f  f r a c t u r e  s t r e s s  v e r s u s  (n o tc h
le n g th ) ”^ ,  and v a lu e s  o f  f r a c t u r e  energy were o b ta in e d  from 
G r i f f i t h * s  e q u a tio n  (3 5 ) ,  a s  in  the  p re v io u s  p a p e r .
I t  was a l s o  found t h a t  the  f r a c t u r e  s t r e s s  f o r  t r a n s v e r s e  
n o tc h e s  was independan t o f  th e  n o tc h  t i p  r a d iu s  o v e r  th e  
range t e s t e d  0.19 to  1 .25  mm. No e x p la n a t io n  was g iven  f o r  
t h i s .
1
(see  3 .3 )
2f =  O i^ TTCL 
f l E
-2The r e p o r te d  v a lu e  o f  2 Jm i s  so low t h a t  i t  must he
(see  3 .k)
W right and  Hayes (76) a l s o  adop ted  an L .S.F.M . approach  
in  a com prehensive s tu d y  on hone f r a c t u r e .  A compact te n s io n  
t e s t  specimen was u sed , a s  shown in  f i g  3 .8 ,  f o r  l o n g i t u d i n a l l y  
o r i e n te d  c ra c k s .
V alues o f  f r a c t u r e  toughness were o b ta in e d  u s in g  th e  
form ula
KAIc  "  bw£
where P = A p p lie d  lo a d  a t  f r a c t u r e  
B = specimen th ic k n e s s  
a = c ra c k le n g th  
W = specimen w idth
Y = a c a l i b r a t e d  polynom ial fu n c t io n  o f  a  and W.
(T h is  eq u a tio n  i s  e s s e n t i a l l y  the  same as  3«10)
V alues o f  Gc were a l s o  c a lc u l a t e d  u s in g  th e  r e l a t i o n s h i p
_ 1_ P2 dC / ,  81
Gc "  2B da . . . .
G and KT were then  c o r r e l a t e d ,  u s in g  a r e l a t i o n s h i p  c 1C
d e r iv e d  from continuum th e o ry  f o r  o r th o t r o p ic  s o l i d s  ( e . g .
77, 78 , 79)
2K.,. = G x a fu n c t io n  of th e  e l a s t i c  c o n s ta n ts  o f  bone.Ic  c
This en ab led  th e  two in d e p e n d e n tly  d e r iv e d  f r a c t u r e  
p r o p e r t i e s  to  b e  compared. The good c o r r e l a t i o n  p roduced  
in  t h i s  p aper  (76) showed t h a t ,  f o r  m anufactured  
n o tc h e s ,  an L.E.F.M. approach  i s  a p p l ic a b le  to  th e  f r a c t u r e  
o f  compact bone t i s s u e .
Wright and  Hayes (76) examined the e f f e c t s  o f  changes 
in  th e  specimen d e n s i ty  and th ic k n e s s  on f r a c t u r e  to u g h n e ss .
I t  was found t h a t ,  whereas a 3% in c re a s e  in  bone d e n s i ty  
produced a 30^ in c re a s e  in  f r a c t u r e  to u g h n ess , t h e r e  was no 
s i g n i f i c a n t  change in  f r a c t u r e  toughness  f o r  th e  range o f
th ic k n e s s e s  u se d  0.185 cm -  .3 8  cm.
An i n v e s t i g a t i o n  in to  mode I I  ( s l i d i n g )  f r a c t u r e  o f  
H aversian  hone was made hy  Pope and Murphy (8 0 ) .  T h is  was 
b a se d  on a long  e s t a b l i s h e d  o b se rv a t io n  o f  th e  f r a c t u r e  o f  
H aversian  bone , which su g g e s ted  t h a t  h a v e rs ia n  system s were 
o f te n  p u l le d  ou t o f  th e  su r ro u n d in g  t i s s u e ,  l e a v in g  a 
d i s t i n c t i v e  f ib r o u s  p a t t e r n  to  th e  f r a c t u r e  s u r fa c e  ( se e  
e .g .  3, f i g  8 .2 ) .
Pope and Murphy u sed  f i b r e  debonding and  p u l l - o u t  th e o ry  
to  c a l c u l a t e  th e  f r a c t u r e  energy o f  debonding an h a v e r s ia n  system  
from i t s  m a tr ix .  The a n a ly s i s  was u sed  to  d em onstra te  t h a t  
th e  cement l i n e  b o rd e r in g  th e  p e r im e te r  o f  th e  h a v e r s ia n  
system r e p re s e n te d  a weak i n t e r f a c e ,  a n d  p ro v id ed  an im p o r ta n t  
toughening  mechanism in  bone f r a c t u r e .
3 .9 .2  D iscu ss io n
E xperim en ta l s tu d i e s  on th e  f r a c t u r e  mechanics o f  bone 
have v a r i e d  c o n s id e ra b ly  in  method and r e s u l t .  T h is  i s  in  
s p i t e  o f  a l l  w o rk ers , excep t Pope and  Outwater (72) u s in g  
th e  bov ine  femur o r  t i b i a .  Ho e x p la n a t io n  has  y e t  been  
p ro v id ed  to  acco u n t f o r  t h i s  wide range o f  r e p o r te d  v a lu e s  
o f  t h e  work o f  f r a c t u r e  (o r  f r a c t u r e  o ie rg y )  o f  bone .
S ev e ra l  s tu d ie s  may be c r i t i c i s e d  on ex p e r im en ta l  
g rounds. For example, th e  specimen u sed  by P ie k a r s k i  (70) 
has  a v e ry  co m plica ted  f r a c t u r e  s e c t io n .  From g e o m e tr ic a l  
c o n s id e r a t io n s  a lo n e ,  th e  f r a c t u r e  mechanism i s  u n l i k e l y  to  
remain the  same as  the  c rack  moves from th e  apex o f  th e  
s e c t io n  to  the  b a s e .  This m ay b e  i n f e r r e d  from th e  f a c t
t h a t  the  s iz e  o f  th e  c rack  i s  comparable w ith  th e  specimen 
w id th  and th ic k n e s s ,  f o r  which end e f f e c t s  w i l l  be s i g n i f i c a n t .
The s t a t e  o f  s t r e s s  around  th e  c rack  t i p  w i l l  t h e r e f o r e  
n o t  remain c o n s ta n t  w ith  c rack  e x te n s io n .  The r e s u l t i n g  
v a lu e  o f  th e  work o f  f r a c t u r e  i s ,  however, av e ra g ed  o u t by 
d iv id in g  th e  whole o f  th e  a re a  under th e  l o a d / d e f l e c t i o n  
curve hy the  s e c t io n  a r e a .  T h is  argument a l s o  a p p l i e s  to  th e  
t r a n s v e r s e  t e s t s  o f  Pope and Outwater (7 2 ) .
S e v e ra l  p ap e rs  have ad o p ted  L.E.F.M. th e o ry  w ith o u t  
examining th e  n e c e s s a ry  assu m p tio n s . For example, an im p o r tan t 
c o n s id e r a t io n  in  the  use o f  L.E.F.M. th e o ry  i s  t h a t  n o n - l i n e a r  
e f f e c t s  shou ld  he sm a ll .  I t  i s  g e n e ra l ly  r e c o g n is e d  t h a t  th e  
param ete r  to  he  o f  s ig n i f i c a n c e  in  comparing th e  r e l a t i v e  
c o n t r ib u t io n  o f  n o n - l i n e a r  b e h a v io u r  and c ra c k in g  i s  (81)
where E = Youngf s modulus 
= F ra c tu re  energy 
Oij = Y ie ld  s t r e s s  
Using approxim ate v a lu e s  f o r  hone (see  C hap ter  2 ) ,  f o r  
t r a n s v e r s e  c ra c k in g
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T h is  v a lu e  may he  compared w ith  o th e r  m a t e r i a l s ,  shown in  
t a b le  3 .2 .
The c r i t e r i o n  ad o p ted  f o r  th e  use  o f  L.E.F.M . th e o ry  
i s  t h a t  the  specimen dim ensions sh o u ld  he much l a r g e r  th a n  
th e  p l a s t i c  zone s i z e .
Using eq.uat i o n  3*1^ f o r  th e  specimen th ic k n e s s  ( t )
As an approxim ate s u b s t i t u t i o n ,  u s in g  e q u a tio n  3*11 and
TABLE 3.2
E 05
GNm"2 KJm-2 MNnT2 &
M inera l g la s s  * 70 .001+4 3500 2 .5
Timber * 10 0 .2 70 0 .4
Bone 18 1 123 2 .4
B r i t t l e  polymers * 2 0 .4 15 5 .3
High t e n s i l e  s t e e l  * 200 60 1700 4 .2
Aluminium a l l o y  7075 * 70 100 200 175
Thin m ild  s t e e l  * 200 200 280 500
* v a lu e s  o b ta in e d  from r e f .  81
l e t t i n g
GC =
K1C = E
o r  t  y  2 .5  ^
w hich, f o r  hone, e s t a b l i s h e s  a minimum specimen th ic k n e s s  
o f  abou t 6 mm. This i s  l a r g e r  than  some specimen th ic k n e s s e s  
t h a t  have been u sed  in  th e  l i t e r a t u r e .
A more fundam ental o b je c t io n  to  th e  use  o f  L .E .F .M .,  
however, i s  t h a t  i t  i s  b a se d  on continuum th e o ry .  T h is  i s  
in  c o n t r a s t  to  th e  h e te rogeneous  p r o p e r t i e s  o f  bone s t r u c t u r e ,  
which become e s p e c i a l l y  pronounced when crack  d im ensions a r e  
co n s id e re d .
Hence, th e  b a s ic  crack  s t r e s s  e q u a t io n s ,  f o r  example
a re  n o t  a c c u ra te  a t  v a lu e s  o f  r  below, say 2 mm. I t  i s  t h e r e ­
fo re  n o t  u s e f u l  to  use  th e s e  e q u a t io n s  to  i n v e s t i g a t e  th e  
b eh av io u r  o f  n a t u r a l  c rack s  in  bone, whose d im ensions w i l l  
o f te n  be  v e ry  much l e s s  th an  2 mm.
For specimens w ith  r e l a t i v e l y  l a r g e  m anufactu red  
n o tc h e s ,  however, L.E.F.M. th e o ry  ap p e ars  to  produce f a i r l y  
c o n s i s t e n t  r e s u l t s ,  a s  dem onstra ted  by r e f s  739 7 5 9 76.
This  type o f  approach may have some use  f o r  t h e s t u d y  o f  
c e r t a i n  a s p e c t s  o f  bone f r a c t u r e .  The weakening e f f e c t s  o f  
screw h o le s  in  bone, p r o s th e s i s  i n s e r t i o n  and o th e r  m a n u fa c tu red , 
and r e l a t i v e l y  l a r g e  n o tc h es  a re  examples o f  th e s e .
The dangers o f  assuming L.E.F.M. th e o ry  a r e  d em o n s tra te d  
by the r e s u l t s  o f  B o n f ie ld  and D a tta  (75) 9 which showed t h a t  
th e  f r a c t u r e  s t r e s s  was independan t o f  th e  n o tc h  t i p  r a d i u s ,
e t c . ( 3 .9 )
in  c o n t r a s t  to- In g l is *  eq u a tio n  ( 3 .1 ) .
There a r e  two p o s s ib le  e x p la n a t io n s  f o r  t h i s .  F i r s t l y  
a m anufactu red  n o tc h  would always te rm in a te  in  a n a t u r a l l y  
o c c u r r in g  c a v i ty .  C urrey  (6 9 ) has n o te d  th a t  the  p r o b a b i l i t y  
o f  a  l i n e  60 m icrons in  l e n g th  m eeting a lacu n a  i s  abou t 0 .6 .  
A re a so n a b le  in f e r e n c e  from t h i s  i s  t h a t  a m anufac tu red  n o tch  
r o o t ,  o f  minimum ra d iu s  0 .1  mm, and depth  o f ,  say  1 mm, would 
be ex trem ely  l i k e l y  to  e n c o u n te r  a la c u n a  o r  o th e r  type  o f  
c a v i ty .  This would have th e  e f f e c t  o f  changing  th e  n o tc h  
ro o t  r a d iu s ,  and hence th e  s t r e s s  c o n c e n t r a t io n  f a c t o r ,  to  
some a r b i t r a r y  v a lu e .  For l a rg e  n o tc h e s  and  s im i l a r  bone 
ty p e ,  t h i s  v a lu e  co u ld  b e  ex p e c te d  to  average  o u t  and rem ain  
re a so n a b ly  c o n s ta n t .
Secondly , some form o f  r e l a x a t io n  co u ld  be  t a k in g  p la c e  
a t  th e  c rack  t i p .  This would have th e  e f f e c t  o f  k eep in g  th e  
l o c a l  c rack  t i p  t e n s i l e  s t r e s s  c o n s ta n t ,  w h i l s t  th e  n e t  
s e c t io n  s t r e s s  s t e a d i l y  in c re a s e d .  F in a l  f r a c t u r e  o f  th e  
n o tc h ed  specimen would then  become independan t o f  th e  n o tc h  
t i p  r a d iu s .
In  view o f  the  m echanical p r o p e r t i e s  and s t r u c t u r e  o f  
bone, a  com bination o f  b o th  th e s e  mechanisms i s  p ro b ab ly  
ta k in g  p la c e .
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CHAPTER 4
Q u a s i s t a t i c  Cracking
4 .1  In t ro d u c t io n
In the  p rev io u s  c h a p te r ,  i t  was dem onstra ted  th a t  
continuum a n a l y s i s ,  le a d in g  to  the measurement of f r a c t u r e  
toughness (a s  d e f in e d  hy K jc ) had two s e r io u s  d isad v an tag es  
i f  a p p l ie d  to  hone f r a c t u r e
( i )  i t  i s  n e c e s s a ry  to  assume t h a t  th e  m a te r ia l  i s  
homogeneous
( i i )  specimen s i z e s  f o r  th e  measurement of  K^c may he 
im possib ly  l a r g e .
G r i f f i t h * s  energy b a la n c e  (3 5 ) ,  however, has no such 
shortcom ings, and t h i s  C hap ter  i s  devoted  to  th e  d e s c r ip t io n  
o f  a t h e o r e t i c a l  framework and t e s t  method b a se d  on t h i s  
ph ilo sophy . The th e o ry  o f  q u a s i s t a t i c  c ra c k in g  i s  due to 
Gurney and  Hunt (82) and Gurney and Ngan (8 3 ) .
4 .2  The D e r iv a t io n  o f  th e  Work o f  F ra c tu re  (R)
C onsider a s t r u c t u r e  undergoing  a q u a s i s t a t i c  c ra c k in g  
p ro c e s s .  1Q u a s is ta t ic *  i s  u sed  h ere  i n  th e  sense  t h a t  th e  
k i n e t i c  energy  a s s o c ia t e d  w ith  c rack  v e l o c i t i e s  i s  sm a ll when 
compared w ith  o th e r  te rm s. During a sm all increm ent o f  
d isp lacem ent du, w ith  co rrespond ing  increm ent o f  c rack  
su r fa c e  a rea  2dA, th e  work theorem o f  s t a t i c s  may he a p p l i e d .  
This s t a t e s  th a t  the work done hy a l l  f o r c e s ,  i n t e r n a l  and 
e x t e r n a l ,  du ring  a q u a s i s t a t i c  d isp lacem en t system i s  z e ro .
Thus,- f o r  an a p p l ie d  lo a d  X,
67
Xdu -  dA -  RdA = 0 k . l
o r  Xdu = dA + RdA k .2
The s t r a i n  e n e r g y  in c r em e n t (d A  ) a c c o u n ts  f o r  any  
ch ange in  th e  s e l f - e q u i l i b r a t i n g  s t r e s s  sy ste m  due to  
m a n u fa ctu r in g  p r o c e s s e s ,  and ch a n g es  in  s t r a i n  e n e r g y  due 
to  th e  s t r e s s  s y s te m  im p osed  b y  e x t e r n a l  f o r c e s .
R i s  d e f in e d  b y  t h i s  e q u a t io n ,  and may b e c o n s id e r e d  to  
r e p r e s e n t  th e  work o f  f r a c t u r e .  I t  h as th e  u n i t s  o f  e n e r g y  
p e r  u n i t  a re a  and may b e  v i s u a l i s e d  a s  th e amount o f  e n e r g y  
r e q u ir e d  to  open u n i t  a r e a  o f  c r a c k f r o n t .
To m easure R, h o w ev er , i t  i s  n e c e s s a r y  to  make th e  
c o n d it io n  t h a t  a l l  i r r e v e r s i b l e  d e fo r m a tio n  i s  c o n f in e d  to  
a r e g io n  c l o s e  to  th e  c r a c k t ip .  In  o th e r  w o rd s , a l l  s t r e s s e s  
rem ote from  th e  t i p  m ust b e  b e lo w  th e  e l a s t i c  l i m i t .  The 
sy stem  n e e d  n o t ,  h o w ev er , be l i n e a r  e l a s t i c ,  o r  H ook eian  ( 8 3 )•
C o n s id e r  th e  c r a c k in g  cu rv e  shown in  f i g  l + . l .  The 
c o n t in u o u s  l i n e  r e p r e s e n t s  th e  c r a c k in g  r e sp o n se  m oving from  
c r a c k le n g th  r e s p o n s e  a t  A and B.
In  e v a lu a t in g  R b etw een  A and B i t  i s  a l s o  n e c e s s a r y  to  
assum e t h a t  R rem a in s c o n s ta n t  o v e r  t h i s  i n t e r v a l .  T h is  i s  
no r e a l  l i m i t a t i o n ,  h o w ev er , s in c e  A and  B may be p la c e d  a s  
c l o s e  t o g e th e r  a s  i s .w i s h e d .
I t  i s  now p o s s i b l e  to  i n t e g r a t e  th e  o r i g i n a l  e n e r g y  
b a la n c e  term  b y  term
B
A
S in c e OAAu, OBBu and Xdu i s  th e
a r e a  AuABBu, i t  may b e see n  t h a t
A rea OAB
“  A ^ " aB A
A t y p i c a l  q u a s i s t a t i c  t e s t  t h e r e f o r e  c o n s i s t s  o f  an  
autonom ous m easurem ent o f  t h e  lo a d  and c r o s s h e a d  e x t e n s io n  
w it h  a  s y n c h r o n is e d  m easurem ent o f  c r a c k le n g t h .  Thus a t  
d i s c r e t e  p o in t s  a lo n g  th e  X /u  cu rv e  th e  c r a c k le n g t h  i s  
knov/n. Prom t h e s e  p o in t s  th e  c o n s ta n t  c r a c k le n g t h  r e s p o n s e  
i s  drawn an d  th e  a r e a  s e c t o r s  m ea su red . When t h e s e  a r e  
d iv id e d  b y  th e  c o r r e s p o n d in g  in c r e m e n ts  in  c r a c k  a r e a ,  
v a lu e s  o f  R a r e  p r o d u c e d . The p r o c e s s  i s  o b v io u s ly  much more 
s t r a ig h t f o r w a r d  i f  t h e  c o n s ta n t  c r a c k le n g t h  r e s p o n s e  i s  
l i n e a r .
I t  was s t a t e d  e a r l i e r  t h a t  R i s  d e f in e d  b y  th e  e q u a t io n
Xdu = d A  + RdA
C le a r ly ,  i f  R i s  to  a c c u r a t e ly  r e f l e c t  a c r a c k  t i p  
phenom enon, th e  a s su m p tio n s  u se d  to  c a l c u l a t e  R m ust b e  shown 
t o  b e  r e a s o n a b le .  T h ese  w ere;
( i )  T hat a l l  d e fo r m a t io n s  c l o s e  t o  th e  c r a c k  t i p  a r e  
r e v e r s i b l e .  T h is  m ust b e  j u s t i f i e d  s in c e  th e  work o f  f r a c t u r e  
b etw een  two m easurem ent p o in t s  in  a q u a s i s t a t i c  t e s t  i s  e q u a l  
to  a l l  th e  i r r e v e r s i b l e  e n e r g y  l o s t .  T hus, i f  i r r e v e r s i b l e  
b e h a v io u r  i s  n o t  c o n f in e d  to  th e  cr a c k  t i p ,  e n e r g y  term s  
o th e r  th a n  th o s e  c a u se d  b y  f r a c t u r e  w i l l  b e  in c lu d e d  i n  th e  
term  RdA, a n d  r e s u l t  in  an o v e r e s t im a te  o f  R. A t y p i c a l  
exam ple o f  t h i s  i s  th e  l o c a l  p l a s t i c  f lo w  w h ich  may ta k e  
p la c e  around  th e  lo a d in g  p o in t s  in  a f r a c t u r e  s p e c im e n .
Som etim es i t  i s  p o s s i b l e  to  use continuum  t h e o r y  t o  show  
t h a t  a l l  s t r e s s e s  rem ain  b e lo w  th e  e l a s t i c  l i m i t .  T h is  i s  a 
com p lex  p ro ced u re  and  may o n ly  b e  u s e d  f o r  t h o s e  m a t e r ia l s  
w it h  a w e l l  d e f in e d  e l a s t i c  l i m i t .  I t  i s  much more s t r a i g h t -
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fo rw ard  to  c a r ry  ou t lo a d /u n lo a d  t e s t s  a t  d i f f e r e n t  
c r a c k le n g th s .  (A d e t a i l e d  d e s c r ip t io n  o f  t h i s  t e s t  i s  g iven  
in  C hapter 5> s e c t io n  6 . )
( i i )  That h e a t  t r a n s f e r  e f f e c t s  o r  te m p era tu re  changes 
were n e g l ig ib le *  Any lo c a l  c rack  t i p  h e a t  t r a n s f e r  w i l l ,
i f  ig n o re d ,  be in c lu d e d  in  R. This  may be c o n s id e re d  
j u s t i f i a b l e  s in c e  they  r e p re s e n t  a form o f  c rack  r e s i s t a n c e  
in  th e  same fa m ily  a s ,  f o r  example, p l a s t i c  f low . Bulk 
e f f e c t s  a re  u n l ik e ly  in  most m a t e r i a l s ,  w ith  th e  p o s s ib le  
ex c ep tio n  o f  ru b b e rs ,  whose defo rm ations  a r e ,  by d e f i n i t i o n ,  
tem p era tu re  c o n t ro l le d *  I f  h e a t  t r a n s f e r  does o cc u r ,  however, 
i t  w i l l  p ro b a b ly  be a f u n c t io n  o f  th e  s t r e s s  l e v e l .  Any 
lo s s e s  may th e r e f o r e  be checked u s in g  the  sim ple ex p erim en t 
m entioned above.
( i i i )  That c ra c k  v e l o c i t i e s  a r e  low enough to  make 
k i n e t i c  energy c o n t r ib u t io n s  n e g l i g i b l e .  S ince q u a s i s t a t i c  
c rack  growth i s  by  i t s  v e ry  n a tu r e  dynamic, th e  specimen 
w i l l  always p o sse ss  some k i n e t i c  energy .
Gurney, however, (83) shows t h a t ,  f o r  a double c a n t i l e v e r  
type  o f  specimen (see  C hap ter  5> s e c t io n  2 ) ,  and  l i n e a r  
e l a s t i c  b eh av io u r ,  c rack  v e l o c i t i e s  below about 10 ^ o f  th e  
wave v e l o c i t y  in  th e  m a te r ia l  may be ig n o red . T h is  l i m i t i n g  
v a lu e  o f  c rack  v e l o c i t y  i s  s t i l l  f a i r l y  h ig h .  F o r  b o n e , a 
t y p i c a l  v a lu e  f o r  th e  l o n g i tu d in a l  wave v e l o c i t y  i s  2000 m s ~ \  
The l i m i t i n g  q u a s i s t a t i c  c rack  v e l o c i t y  i s  t h e r e f o r e  o f  o rd e r  
2 ms- 1 , which w i l l  sev e re  a 50 mm specimen in  25 ms.
k * 3 Stability of Cracking
T h is  s u b j e c t  i s  b e s t  a p p ro a ch ed  from  G r i f f i t h f s  
o r i g i n a l  e n e r g y  b a la n c e  ( e q u a t io n  3 * 2 )
E= A - W + 2 Y A
H is  c r i t e r i o n  o f  f r a c t u r e  i s  (e q u a tio n  3*3)
=  o
dA
In  th e  c a s e  o f  th e  i n f i n i t e  c r a c k e d  p l a t e ,  lo a d e d  in  
u n ifo r m  t e n s i o n ,  t h i s  p o in t  i s  a l s o  one o f  maximum t o t a l  
E nergy E . W ith f u r t h e r  c r a c k  e x t e n s i o n ,  e n e r g y  i s  c o n s e r v e d  
th ro u g h  th e  u n s t a b le  a c c e l e r a t i o n  o f  t h e  c r a c k .
T hus, u n s t a b le  c r a c k in g  i s  o b ta in e d  when
dE - o ciZE /  o 
dA1- ^
C o n v e r s e ly ,  s t a b l e  c r a c k in g  i s  a c h ie v e d  when
d§ = O c t  E \ Q  
dA J d A 3- ^
F o r  p e r f e c t l y  e l a s t i c  m a te r i a l s ,
R = 2 *
E =  A -W  +  RA
■ dzE d^A _ d*W .
• • dA‘  “ d A1 dA1" * ' . * . *
F or q u a s i s t a t i c  c r a c k in g ,
Xdu. = dA + RdA „ # . ij.#2
Where Xdu = dW
Thus cTW = dV\. 
d A z d  A*"
h . k
E x p ress io n  k*k may be s u b s t i t u t e d  in to  to  g iv e ,  f o r  
q u a s i s t a t i c  c ra c k in g ,
In  o th e r  w ords, the  q u a s i s t a t i c  energy b a lan ce
Xdu = dA + RdA. i s  an e x p re s s io n  o f  n e u t r a l  s t a b i l i t y .  By
a s im i l a r  argument
2
dA + RdA means t h a t  — ^  < 0, and i s  t h e r e f o r e  u n s ta b le
da
Xdu<^ dA + RdA means t h a t  °> and is  t h e r e f o r e  s t a b l e .
E quation  k»2 i s  a g e n e ra l  s t a b i l i t y  c r i t e r i o n ,  and may b e  
u sed  to  examine p a r t i c u l a r  lo a d in g  c o n s t r a i n t s .
For example, most t e s t i n g  equipment approx im ates  tow ards 
lo a d  c o n t r o l l e d  ( e .g .  h y d r a u l i c a l l y  d r iv en  c ro ssh ead )  o r  
d isp lacem en t c o n t r o l l e d  ( e .g .  screw driven , c ro s s h e a d ) .
Now, f o r  monotonic lo a d in g ,  th e se  two modes may b e  
d e f in e d  by the  e q u a t io n s
dtu \  o  f o r  d isp lacem en t c o n t ro l  . •
U. 7
^  O  f o r  lo a d  c o n t ro l  • • • h * l
For l i n e a r  e l a s t i c  m a te r ia l s / \  = ± u S K  —
The q u a s i s t a t i c  energy b a la n c e  may th e r e f o r e  be r e p h ra s e d
S im i la r ly
cl A
a n d , f o r  \  q
(A. /
R d A
I d R \> O
k .9
In  b o th  t h e s e  e x p r e s s io n s  (k*8, k*9) th e  more n e g a t iv e  a r e  
th e  s e c o n d  te r m s , th e  g r e a t e r  t h e  s t a b i l i t y .  S in c e  th e  term s  
a r e  p a r t i c u l a r l y  c o n t r o l l e d  b y  th e  sp ec im en  sh a p e a n d  cr a c k  
l o a d in g  c o n s t r a i n t s ,  G urney (8k) c a l l s  them g e o m e t r ic a l  
s t a b i l i t y  f a c t o r s .
T h ese  may b e  u s e d  t o  a s s e s s  th e  e f f e c t  o f  f i n i t e  
s t i f f n e s s  o f  th e  t e s t i n g  m ach ine on c r a c k  s t a b i l i t y .
L e t  u,+ w here u., s t o t a l  d e f l e c t i o n
F o r  lo a d  c o n t r o l ,  t h e  mode i s  u n ch an ged  s in c e  th e  lo a d  i s  
Tin ch a n g ed .
F o r  d isp la c e m e n t  co n tro l, h o w ev er , t h e  new mode i s
l<» m achine f l e x i b i l i t y
Thus,  u, «  * 0 +  K & 'i
X
S in c e  du., \  ^
(if /
--1 d u. d A > u dA
( + k £
or
•y*
S in ce , f o r  norm al lo a d in g  c o n d i t io n s ,  — 0, k y  0
and. t h i s  e x p re s s io n  shows t h a t  th e  f l e x i b i l i t y  o f
th e  t e s t i n g  machine reduces th e  s t a b i l i t y  o f  c r a c k in g .
Gurney and Mai (81+) have in v e s t i g a t e d  th e  c ra c k  s t a b i l i t y  
o f  v a r io u s  specimen g eo m etr ie s .  T h e ir  co n c lu s io n s  may be  
summarised;
( i )  Crack s t a b i l i t y  i s  improved when l i n e a r  te n s io n  
sp r in g s  a re  p la c e d  a c ro s s  the c rack  f a c e .  Gurney an d  Mai (81+) 
have a n a ly se d  t h i s  u s in g  simple bend ing  th e o ry  and  th e  th e o ry  
o f  beams on e l a s t i c  fo u n d a t io n s .  T h is  i s  on ly  a p p l i c a b l e  to  
th e  double c a n t i l e v e r  specimen. On t e s t s  u s in g  th e  specimen 
c o n f ig u ra t io n  shown in  f i g  i+.3 a s i g n i f i c a n t  in c r e a s e  in  
s t a b i l i t y  was a c h iev ed . The s p r in g s  were in  th e  form o f  two 
la y e r s  o f  ad h e s iv e  ta p e  p la c e d  on each s id e  o f  th e  specimen 
over th e  c rack  p a th .
( i i )  Crack s t a b i l i t y  may be improved u s in g  r a t e  s e n s i t i v e  
d e v ic e s .  Gurney and Mai (81+) a l s o  showed t h a t  a d h e s iv e  ta p e s  
p la c e d  a c ro s s  th e  c rack  p a th  a s  shown above may ab so rb  energy  
when m easurable s l i p  o c c u rs .  T h is  has  a s t r o n g  s t a b i l i s i n g  
e f f e c t .
The v is c o u s  energy  term  may be  measured by r e p e a t in g  
th e  f r a c t u r e  experim ent w ith  th e  f r a c t u r e d  h a lv e s  o f  th e
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specim en, w ith  new s t r i p s  o f  ta p e  k ee p in g  th e  h a lv e s  t o g e th e r .  
The abso rbed  energy  due to  s l i p  may b e  measured in  e x a c t ly  
th e  same way a s  t h a t  u sed  to  e v a lu a te  R.
( i i i )  Prom th e  c r i t e r i a  o f  s t a b i l i t y  p re v io u s ly
dRd e r iv e d ,  i t  may be seen t h a t  s t a b i l i t y  i s  improved a s  ^
in c r e a s e s  (R y  0 ) .  T h is  i s  a term  dependant on m a te r ia l
p r o p e r t i e s .  Thus, f o r  c e r t a i n  specimen g e o m e tr ie s ,  d i f f e r e n t
m a te r ia l s  may crack  s t a b ly  o r  u n s ta b ly .  For th o se  e x h i b i t i n g
u n s ta b le  c ra c k in g ,  s t a b i l i t y  may be improved i f  an i d e n t i c a l
dRspecimen o f  s u f f i c i e n t l y  p o s i t i v e  i s  g lu e d  a lo n g s id e .
The segm ental a r e a s  on th e  l o a d /d e f l e c t i o n  c h a r t  w i l l  then  
be equa l to  R^ A1 + R2 A2 > where 1 and  2 r e f e r  to  th e  two 
m a te r i a l s ,
( iv )  F or th e  double c a n t i l e v e r  type o f  specim en, 
s t a b i l i t y  may be improved by th e  in t r o d u c t io n  o f  a t a p e r ,
a s  shown in  f i g .  Mai (85) a l s o  showed t h a t ,  i n  g e n e ra l ,
c rack  s t a b i l i t y  was reduced  i f  th e  lo a d in g  p o in t s  were 
t r a n s f e r r e d  to  th e  apex o f  th e  t a p e r .
(v) F i n a l l y ,  Mai (86) has  i n v e s t i g a t e d  th e  s t a b i l i t y  
o f  grooved beam l i k e  t e s t - p i e c e s .  He dem onstra ted  t h a t  th e  
th e o ry  o f  beams on e l a s t i c  fo u n d a t io n s  cou ld  be a p p l i e d .
The w a is te d  c e n t r a l  p o r t io n  o f  th e  specimen a c te d  a s  an 
e l a s t i c  r e s t r a i n t  f o r  th e  two o u te r  beams, over th e  u n crac k ed  
l ig a m e n ts .  I t  was shown t h a t  ungrooved specimens o f  s im i l a r  
geometry had c o n s id e ra b ly  g r e a t e r  g e o m e tr ic a l  s t a b i l i t y  
f a c t o r s .  S t a b i l i t y  was th e r e f o r e  improved by th e  i n t r o d u c t io n  
o f  a  groove.
4 .4  G en e ra tin g  L ines o f  C onstan t R
A u s e f u l  method o f  p r e s e n t in g  r e s u l t s  from a  q u a s i s t a t i c  
t e s t  i s  to  superim pose , on th e  l o a d / d e f l e c t i o n  r e c o rd ,  l i n e s  
o f  c o n s ta n t  R (87)•
This can he  done by n o t in g  t h a t  eq u a tio n  4 .2  may be 
re p h ra se d
R = - d A
d A U.= Co^ vs+cuvb
Thus, du ring  q u a s i s t a t i c  c ra c k in g ,  th e  work o f  f r a c t u r e  R 
i s  eq u a l  to  the  s t r a i n  energy r e l e a s e  r a t e  G.
I rw in  (45) showed t h a t
<5 = -L —  . . .  3.8
u  z-b  ^  da.
At the  p o in t s  on th e  l o a d / d e f l e c t i o n  re sp o n se ,  when th e  
c r a c k le n g th  i s  known, th e  specimen compliance (C) m a y b e  
measured. This can be u sed  to  produce a  p l o t  o f  C v e r s u s  a .
The p o in t s  a r e  f i t t e d  to  a polynom ial which can th en  be 
d i f f e r e n t i a t e d .  At a g iven  v a lu e  o f  G (o r  R) and
c ra c k le n g th  (a) th e  v a lu e s  o f  P may be marked o f f  on th e
r a d i a l  l i n e s  o f  c o n s ta n t  c r a c k le n g th .  F i n a l l y ,  th e s e  p o in t s  
a re  jo in e d  to g e th e r  to  g e n e ra te  a l i n e  o f  c o n s ta n t  R, ( f i g  4 .2 )
4*5 The P h y s ic a l  I n t e r p r e t a t i o n  o f  R
When th e  assum ptions in  the  th e o ry  have been shown to  
be r e a s o n a b le ,  R must eq u a l th e  amount o f  energy r e q u i r e d  to  
open u n i t  c rack  a r e a .  For a p e r f e c t l y  e l a s t i c  m a te r i a l  t h i s  
i s  tw ice  th e  s u r fa c e  energy  o f  t h a t  m a te r i a l .
Most r e a l  m a te r i a l s ,  a s  m entioned in  C h ap te r  3> p o s s e s s
some o th e r  form o f  energy a b s o rp t io n .  Since t h i s  u s u a l ly  
in v o lv e s  a s t r e s s  o r  s t r a i n  c o n t r o l l e d  mechanism, i t  would be 
unwise to  assume t h a t  the c ra c k  r e s i s t a n c e  i s  a m a te r ia l  
c o n s ta n t .
I t  i s  e x p e c ted , t h e r e f o r e ,  t h a t  R v a r i e s  w i th  a wide 
range o f  t e s t i n g  p a ra m e te rs .  T y p ic a l ly ,  th e se  a r e
( i )  The mode o f  f r a c t u r e .  T h is  may be n o m in a lly  
d e s c r ib e d  in  term s o f  th e  c rack  su r fa c e  d isp la c e m e n ts ,  
open ing , s l i d i n g  an d  t e a r i n g  d is c u s s e d  in  the  p re v io u s  
C hap te r ,
( i i )  The r a t e  o f  f r a c t u r e ,  in c lu d in g  s t r a i n  r a t e s  
and c rack  v e l o c i t y .
( i i i )  Specimen geom etry, in c lu d in g  th ic k n e s s  and l o c a l  
boundary e f f e c t s .
4*6 Advantages o f  th e  Q u a s i s t a t i c  Approach
The re a so n s  f o r  a d o p t in g  th e  method f o r  th e  s tu d y  o f  
bone f r a c t u r e  in  p re fe re n c e  to  o th e r s  may be summarised;
( i )  The p ro p e r ty  to  be  measured (R) i s
d e f in e d  w ith o u t any m a te r ia l  assum ptions  a s  to  e l a s t i c i t y ,  
i s o t r o p y ,  e t c .  There i s  no n eed , f o r  example, to  assume 
t h a t  th e  work o f  f r a c t u r e  i s  eq u a l to  th e  m a te r i a l  s u r fa c e  
energy .
( i i )  The t e s t i n g  p rocedure  does n o t  use  a r t i f i c i a l  
n o tc h e s .  N otching  te c h n iq u e s  a r e  w e l l  known to  a f f e c t  th e  
f r a c t u r e  p r o p e r t i e s  o f  many m a te r ia l s  ( e .g .  146).
( i i i )  The t e s t  method a llow s many measurements o f  R 
f o r  each specimen. For i n s t a b i l i t y  t e s t s  t h i s  i s  l i m i t e d  t o ,  
a t  most, one p e r  specimen.
( iv )  Slow c rack in g  t e s t s  a llow  a q u a l i t a t i v e  
exam ination  o f  th e  c rack  t i p  d u r in g  f r a c t u r e .  T h is  i s  
im p o r ta n t  to  th e  i n v e s t i g a t o r  s tu d y in g  m a te r ia l  p r o p e r t i e s ,  
r a t h e r  than  e s t a b l i s h i n g  a d es ign  p a ram ete r .
(v) The t e s t  method a ls o  p e rm its  measurements o f  c rack  
v e l o c i t y ,  a t  l e a s t  up to  th e  q u a s i s t a t i c  l i m i t ,  to  be c o r r ­
e l a t e d  a g a in s t  R. In  view o f  P i e k a r s k i f s o b s e rv a t io n  (70) 
t h a t  th e  f r a c t u r e  s u r f a c e s  o f  bone were g r e a t l y  a f f e c t e d
by th e  r a t e  o f  c ra c k in g ,  t h i s  must be  an im p o r ta n t  
c o n s id e r a t io n .
CHAPTER 5
The T es t
5*1 Design C r i t e r i a
Gurneyf s q u a s i s t a t i c  approach  has  been su g g e s te d  as 
b e in g  s u i t a b l e  f o r  th e  s tudy  o f  th e  f r a c t u r e  m echanics o f  
bone m a te r i a l .  I t  rem ains f o r  a p r a c t i c a l  t e s t  method to  
be developed. T h is  forms th e  su b s tan ce  o f  th e  C h a p te r .
The o v e r a l l  des ign  c r i t e r i a  f o r  th e  t e s t i n g  r i g  may be 
summarised a s
( i )  The r i g  and specimen must be capab le  o f  p roducing  
a v a lu e  o f  R a s  i t  i s  d e f in e d  in  th e  e q u a tio n
Xdu = d A  + RdA (symbols h av in g  t h e i r  u s u a l  m eaning).
At t h i s  p o i n t ,  i t  i s  n o t  r e l e v a n t  to  go i n t o  f u r t h e r  
d e t a i l ,  s in c e  the to p ic  i s  covered  in  s e c t io n  5*1*
( i i )  The lo a d ,  lo a d  p o in t  d e f l e c t io n  and th e  c ra c k ­
le n g th  must be  c o n t in u o u s ly  and synchronously  m easured.
T h is causes  few problem s w ith  the  f i r s t  two v a r i a b l e s ,  b u t  
p r e s e n t s  c o n s id e ra b le  d i f f i c u l t i e s  w i th  th e  measurement o f  
c ra c k le n g th .
( i i i )  The r i g  must b e  capab le  o f  c o n t in u o u s ly  c ra c k in g  
th e  m a te r ia l  under  s t a b le  c o n d i t io n s .  T h is  n e c e s s i t a t e s  th e  
use  o f  a machine w ith  minimum f l e x i b i l i t y ,  a s  d i s c u s s e d  in  
th e  p re v io u s  C h ap te r .
( iv )  For rea so n s  m entioned in  C hap ter  2 , th e  bone must 
be k e p t  wet a t  a l l  t im es . Exposure o f  a bone specimen f o r  
on ly  a few seconds causes  su r fa c e  d ry in g ,  which can a f f e c t  
th e  m echanical p r o p e r t i e s .
(v) The r i g  sh o u ld  be  capab le  o f  c ra c k in g  d i f f e r e n t
bone specimen shapes w ith  a minimum o f  m o d if ic a t io n .  This 
i s  b ecause  the  m a te r ia l  i s  a n i s o t r o p i c  and a l s o  imposes 
sev e re  r e s t r i c t i o n s  on th e  shape and s iz e  o f  any machined 
specim ens.
5 .2  Specimen Design
The p r i n c i p a l  c r i t e r i a  f o r  a specimen u se d  in  a 
q u a s i s t a t i c  t e s t  a re  t h a t  c ra c k in g  shou ld  b e  s t a b l e  an d  t h a t  
s t r e s s e s  remote from th e  crack t i p  sh o u ld  be w ith in ,  the  
e l a s t i c  l i m i t .  Gurney (82) a l s o  n o te s  t h a t  l a r g e  e x te n s io n s  
f o r  a f i x e d  in c re a s e  in  c rack  a re a  w i l l  enhance th e  ac cu ra c y  
o f  th e  measurement.
A lthough th e  q u a s i s t a t i c  th e o ry  makes no c o n d i t io n s  on 
th e  a p p l ie d  lo a d in g ,  i t  i s  s e n s ib le  to  lo a d  th e  specimens to  
produce a nom inal mode I ,  I I  o r  I I I  f r a c t u r e .  This  i s  
because  an u n d e rs ta n d in g  o f  th e  f r a c t u r e  p r o p e r t i e s  o f  a 
m a te r ia l  i s  on ly  u s e f u l  i f  th ey  can be d i r e c t l y  r e l a t e d  to  
the  a p p l ie d  forces which cause th e  f r a c t u r e .
Mode I  f r a c t u r e  i s  w e l l  e s t a b l i s h e d  in  f r a c t u r e  th e o ry  
( se e  C hap te r  3) and i s  a lso  the  most e lem en ta ry . As a s t a r t  
to  an i n v e s t i g a t i o n  in to  bone f r a c t u r e ,  i t  was t h e r e f o r e  
d ec id ed  to  use a specimen which produced  mode I  c r a c k in g .
Q u a s i s t a t i c  c rac k in g  t e s t s  u s in g  whole bones a s  t e s t  
p ie c e s  were n o t  s u i t a b l e .  T h e ir  complex shape means t h a t  
mixed mode f r a c t u r e  i s  i n e v i t a b l e .  For th e  same re a s o n ,  
whole bones a re  a ls o  ex trem ely  d i f f i c u l t  to  g r ip  in  a 
t e s t i n g  machine. This i s  e s p e c i a l l y  t r u e  f o r  l a r g e  b o n e s ,  
when fo rc e s  a l s o  become l a r g e .
For th e se  r e a s o n s ,  i t  was d ec id ed  to use  a machined
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specimen, A number o f  d i f f e r e n t  f r a c t u r e  mechanics specimens 
a re  shown in  f i g '5.1#
The double ed g e -n o tch ed  (D .E .N .) bend ing , and compact 
t e n s io n  specimens a r e  u se d  e x te n s iv e ly  in  L .E .F . M. (47)*
The d im ensions o f  th e  specimens a re  s t r i c t l y  c o n t r o l l e d  u s in g  
th e  c r i t e r i a  d e s c r ib e d  in  3 .6 .  The advantage in  u s in g  such a 
specimen i s  t h a t  th e re  i s  a l a r g e  q u a n t i t y  o f  p u b l i s h e d  d a ta  
on th e s e  specimens ( e . g ,  51) which may be u sed  to  c a l c u l a t e  
K ic*s , com pliances, Gc , e t c .
The double c a n t i l e v e r  was o r i g i n a l l y  developed  f o r  
experim en ts  on c o n t r o l l e d  f r a c t u r e s  ( 1 4 4 )
and  has  been u se d  to  measure th e  s t r e n g th s  o f  ad h e s iv e  j o i n t s  
( e .g .  145 ).
The specimen has  an  immediate advantage ov er  th e  o th e r  
3 in  t h a t  a c o n s id e ra b ly  lo n g e r  c rac k  e x te n s io n  i s  a v a i l a b l e  
f o r  the  same s iz e  o f  specimen. T h is  i s  im p o r tan t where 
specimen d im ensions a r e  c o n s t r a in e d  by the  shape and s i z e  o f  
th e  bone from which th e y  a r e  e x t r a c t e d .
S ince th e  q u a n t i ty  o f  m a te r i a l  i s  red u ced , lo a d  e x te n s io n s  
to  produce s u f f i c i e n t  s t r e s s e s  a t  th e  c rac k  t i p  to  cause 
c ra c k in g  w i l l  be g r e a t e r .  As m entioned e a r l i e r ,  t h i s  w i l l  
improve th e  accu racy  o f  th e  t e s t .
A more im p o r tan t advantage o f  th e  double c a n t i l e v e r  
specimen, however, i s  t h a t  i t  p roduces  much b e t t e r  c rac k  
s t a b i l i t y .
From C hapter  4> th e  s t a b i l i t y  c r i t e r i o n  f o r  m onotonic , 
d isp lacem en t c o n t r o l l e d  machines was (e q u a t io n  4«9)
o
where X = a p p l ie d  lo a d
u = lo a d  e x te n s io n  
A = c rack  a re a  
R = work o f  f r a c t u r e .
The f i r s t  term i s  m ainly  c o n t r o l l e d  by m a te r i a l  pro 
Specimen geometry p a r t i c u l a r l y  c o n t ro ls  the  second te rm . 
T h e re fo re ,  th o se  specimens f o r  which
i s  more n e g a t iv e ,  improve c rac k  s t a b i l i t y ,  and v ic a  v e r s a .
( i )  Double edge n o tch ed  specimen 
Assume t h a t
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( i i )  Double c a n t i l e v e r  specimen
Assume sim ple bend ing  th e o ry ,  t r e a t i n g  the  specim en 
a s  a p a i r  o f  c a n t i l e v e r s .
The d e f l e c t io n  ( u,) =. 2-Y^a.?
3 E I  ' ■
o r  X ^  SMI 
«• 2 a .3
• d ^ k / d \
d A /  cfA
u_.
2.
d £  = - 9 E 1 
d A  2 .b  a.4
and c T £  = - 3 6 E I
dA2" i t “a?
• • d A * A* 4
5 . 2
From th e se  two e x p re s s io n s  (5 .1?  5 .2 )  th e  c rac k  s t a b i l i t y  
o f  th e  double c a n t i l e v e r  i s  c o n s id e ra b ly  g r e a t e r  than  t h a t  o f  
th e .d o u b le  edge n o tch ed  specimen. I t  may be seen t h a t ,  w h i l s t  
s t a b i l i t y  improves w ith  c rack  e x te n s io n  f o r  th e  fo rm er, i t  
becomes worse w ith  th e  l a t t e r .  Simple bend ing  th e o ry ,  
however, i s  approxim ate  and  n e g le c t s  th e  s t r a i n  energy  in  th e  
uncracked  p o r t io n  o f  th e  specimen.
A s im i l a r  a n a ly s i s  f o r  th e  bend ing  and compact te n s io n  
specimens i s  somewhat cumbersome, due to  th e  co m p lica ted  
e x p re s s io n s  f o r  th e  s t r e s s  i n t e n s i t y  f a c t o r s .  However, the 
improved s t a b i l i t y  o f  th e  double c a n t i l e v e r  specimen can a l s o  
be a p p r e c ia t e d  from a more g e n e ra l  argum ent.
C onsider f i g  5*2. I n ( a ) ,  a c e n t r a l  c rack  in  an i n f i n i t e  
e l a s t i c  p l a t e  i s  s u b je c te d  to  a p o in t  lo a d in g  X /u n i t  th ic k n e s s  
a t  th e  crack  f a c e .  U sing th e  a p p r o p r ia te  s t r e s s  f u n c t io n ,  i t  
may be shown t h a t  ( se e  e .g .  1*7 )
In  ( b ) ,  however, a c e n t r a l  crack  in  a s im i l a r  
c o n f ig u ra t io n  i s  loaded  in  un ifo rm  te n s io n  (cr) a t  i n f i n i t y .  
As b e fo r e ,  i t  may be shown t h a t
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Now, when th e  lo a d in g  i s  in c r e a s e d  in  "both e x a m p le s ,  
u n t i l  "becomes "the crack  w i l l  s t a r t  t o  m ove. In  ( a ) ,
K w i l l  h e  r e d u c e d , and more work w i l l  h e  r e q u ir e d  to  in c r e a s e  
Ki to  K^c , and c a u se  f u r t h e r  c ra ck  e x t e n s i o n .  In  (h )  w i l l  
t r y  to  in c r e a s e  w ith  c r a c k in g .  S in c e  i t  i s  a lr e a d y  a t  th e  
maximum v a lu e ,  t h e r e  m ust h e  an  e x c e s s  o f  e n e r g y . T h is  w i l l  
h e  c o n s e r v e d  th ro u g h  c r a c k  a c c e l e r a t i o n .  C o n s e q u e n t ly ,  
c o n d i t io n s  w h ich  a p p ro x im a te  to  (a )  im p rove c r a c k  s t a b i l i t y ,  
w h i l s t  t h o s e  a p p r o x im a tin g  to  (h )  d e c r e a s e  c r a c k  s t a b i l i t y .
F i n a l l y ,  a p o s s i b l e  d is a d v a n ta g e  o f  th e  d o u b le  
c a n t i l e v e r  sp ec im en  i s  t h a t  th e  c o n t r o l l e d  v a r i a b l e ,  c r a c k  
v e l o c i t y ,  i s  n o t  t r u l y  in d e p e n d e n t  b u t  i s  a f u n c t io n  o f  b o th  
c r o s s h e a d  s p e e d  and c r a c k le n g t h .  T h is  may b e s e e n  b y  
m o d e ll in g  th e  c r a c k e d  sp ecim en  a s  two r i g i d  arm s r o t a t i n g  
a b o u t one en d , 'a s  shown in  f i g  5*3* .
The c r a c k le n g t h  i s  m o d e lle d  a c c o r d in g  t o  th e  c r i t e r i o n  
£ = c o n s t a n t .
By s im i l a r  t r i a n g l e s
= c o n s ta n t  ( f o r  c o n s ta n t  u )
w here u  = c r o s s h e a d  s p e e d
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In  s p i t e  o f  t h i s  d is a d v a n ta g e ,  th e  q u a l i t i e s  o f  th e  
d o u b le  c a n t i l e v e r  sp ec im en  w ere c o n s id e r a b le ,  and i t  was 
t h e r e f o r e  s e l e c t e d  f o r  u s e  in  t h i s  s tu d y .
The f i n a l  sh ap e a n d  d im e n s io n s  o f  t h e  sp e c im e n , a s  u s e d  
f o r  l o n g i t u d i n a l  c r a c k in g ,  a r e  shown in  f i g  5*k* The l e n g t h ,  
b r e a d th  an d  t h ic k n e s s  a r e  a l l  th e  maximum t h a t  can  b e  
e x t r a c t e d  from  th e  b o v in e  fe m o r a l c o r t e x .  S id e  g r o o v e s  
w ere m ach in ed  to  r e d u c e  th e  s t r e s s e s  in  th e  arms o f  t h e  
sp ec im en  t o  b e lo w  th e  e l a s t i c  l i m i t .  They a l s o  a s s i s t e d  in  
g u id in g  th e  cra ck  a lo n g  th e  c e n t r e  l i n e  o f  th e  s p e c im e n s .
5 .3  S p ecim en  P r o d u c t io n
The a c c u r a t e  m a ch in in g  o f  r e g u la r  and sy m m e tr ic a l  
sp e c im en s  from  th e  b o v in e  fem ur was n o t  e a s y .
The p r o c ed u r e  e v e n t u a l ly  a d o p te d  was a s  f o l l o w s ;
( i )  P our se g m e n ts ;  th e  m e d ia l ,  l a t e r a l ,  a n t e r i o r  and  
p o s t e r i o r  q u a d ra n ts  w ere i s o l a t e d  from  t h e  c o r t e x  o f  a b o v in e  
fem u r , o b ta in e d  from  a  l o c a l  b u t c h e r s ,  u s in g  a handsaw
( f i g  5 .5 ) .
The o r i e n t a t i o n  o f  th e  seg m en ts  i s  a r b i t r a r y ,  i t  n o t  
b e in g  c o n s id e r e d  w it h in  th e  sc o p e  o f  t h i s  work t o  i n v e s t i g a t e  
th e  e f f e c t  o f  s t r u c t u r a l  v a r i a t i o n s  a ro u n d  th e  c o r t e x .  
H ow ever, in  s p i t e  o f  R e i l l y ’ s  a ssu m p tio n  o f  i s o t r o p y  in  ( 3 2 ) 
t h i s  p la n e ,  t h e r e  i s  some e v id e n c e  to  s u g g e s t  t h a t  f r a c t u r e  
to u g h n e ss  may v a r y  c i r c u m f e r e n t i a l l y  ( 8 8 ) .
C o n s e q u e n t ly , th e  a c c e p t e d  b i o l o g i c a l  o r i e n t a t i o n s  w ere  
u s e d  to  s t a n d a r d i s e ,  in  some w ay, th e  sp ec im en  s t r u c t u r e .
( i i )  The p i e c e s  w ere th en  w rapped  in  a t h in  p o ly th e n e  
f i l m  to  r e t a i n  m o is tu r e ,  and p la c e d  in  a b e d  o f  r e s i n  b o n d ed
m e d i a l
anterior
\ateral
F i g  5 .5
f i l l e r .  T h is  was to  p ro v id e  a f i rm  support f o r  th e  i n i t i a l  
m i l l in g  p ro c e s s ;  w ith o u t th e  b ed , c o n s id e ra b le  bend ing  
s t r e s s e s  would be  s e t  up when clam ping th e  bone to  the  
machining t a b l e ,  making p lan e  fa c e s  im p o ss ib le .
The bone segments were removed from the  b ed  b e fo re  
s e t t i n g  to  p re v e n t  h e a t  t r a n s f e r  to  th e  bone d u rin g  s e t t i n g .
( i i i )  A f t e r  l i g h t l y ,  b u t  s e c u re ly  a t t a c h in g  th e  bone 
to  th e  t a b l e  o f  a m i l l in g  machine w ith  f i n g e r  p l a t e s ,  one 
face  was m i l le d  f l a t  (maximum dep th  o f  cu t  0 .0 1 ,f) ,  and  th e  
lo a d in g  h o l e s ,  s id e s  and groove a l s o  machined w ith o u t 
d i s tu r b in g  th e  m a te r i a l .
( iv )  The specimen was th e n  in v e r t e d ,  th e  b e d  o f  r e s i n  
d is c a rd e d ,  and  th e  r e v e r s e  fa c e  and groove machined. This  
was u s u a l ly  th e  o u te r ,  o r  p e r i o s t e a l  f a c e .  I f  t h e r e  was 
n o t  s u f f i c i e n t  m a te r ia l  to  p ro v id e  a specimen o f  g iven  
d im ensions, th e  segment was d is c a rd e d .
The m ajor problem e x p e r ien c e d  in  t h i s  p ro c e s s  was in  
o b ta in in g  two p a r a l l e l  f a c e s .  The o v e r a l l  th ic k n e s s  o f  th e  
specimen was t y p i c a l l y  3*0 + 0 .1  mm, which meant t h a t  th e  
v a r i a t i o n  o f  th ic k n e s s  in  th e  f r a c t u r e  s e c t io n  (1 mm) cou ld  
be a s  h ig h  a s  20$• T h is  had to  be  accoun ted  f o r  in  th e  
measurement o f  R, as  d e s c r ib e d  in  s e c t io n  6 o f  t h i s  C h a p te r .
When n o t  b e in g  u se d ,  th e  specimens were wrapped in  
t i s s u e  p a p e r ,  soaked in  a s o lu t io n  o f  d i s t i l l e d  w a te r  and
0 .9$  NaCl, and f ro z e n  a t  -20°C. Thawing was conducted  
under  am bient c o n d i t io n s .
5 .4  The T es t Rig
The a p p a ra tu s  shown in  
f i g  5*6 was des ig n ed  and  c o n s t ru c te d  to f i t  i n  an I n s t r o n  
500  kg te n so m e te r .
The lo a d in g  r i g  i s  b o l t e d  to  th e  bottom  o f  th e  c ro ssh e a d , 
and t r a n s m i t s  th e  lo a d  to  the  low er lo a d in g  p in .  The 
opposing  lo a d  to  th e  upper  lo a d in g  p in  i s  c a r r i e d  v ia  a 
c e n t r a l  t e n s i l e  member to  th e  lo a d  c e l l .
The lo a d in g  pod arrangem ent e n a b le s  the  specimen to  be 
c racked  in  a t r a n s p a r e n t  tan k  c o n ta in in g  s a l i n e .  This  p roved  
to  be a much more co n v en ien t and r e l i a b l e  way o f  k e e p in g  th e  
m a te r ia l  wet th an  the  u s u a l  system  o f  d r ip s .  The u pper  lo a d  
p in  was lo c a t e d  v e r t i c a l l y  above the low er th rough  th e  use  
o f  a ny lon  b e a r in g  lo c a te d  in  the  upper  p l a t e  o f  the  pod.
The low er and upper specimen h o ld e r s  were p ro v id e d  w ith  
s u f f i c i e n t  c le a ra n c e  to  accom&date a range o f  specimen 
th ic k n e s s e s .  They were a l s o  e a s i l y  removable from th e  
t e n s i l e  member and b a s e p la t e ,  sh o u ld  a d i f f e r e n t  lo a d in g  
c o n f ig u r a t io n  be  r e q u i r e d .
The r i g  was machined in  s t a i n l e s s  s t e e l .
Normal I n s t r o n  te n so m ete rs  do n o t  r e c o rd  e x te n s io n ,  
b u t  m erely  d r iv e  th e  c ro ssh e ad  and  c h a r t  w ith  independen t 
b u t  synchronous m o to rs . The d isp lacem en t o f  th e  c ro s sh e a d  
i s  th u s  ap p ro x im a te ly  g iven  by  the  r a t i o  o f  th e  two speeds 
m u l t ip l i e d  by th e  c h a r t  d isp lace m en t .  I n a c c u ra c ie s ,  however, 
were in c u r r e d  when the v e ry  low c ro ssh e a d  speeds were u se d  
(two 10:1 r e d u c t io n  g ea r  boxes were r e q u i r e d ) ,  and  whenever 
th e  c ro ssh ead  was r e v e r s e d ,  as  in  lo a d /u n lo a d  t e s t s .
C onsequen tly , the  ex ten so m e te r  shown in  f i g  5*7 was 
des igned  and c o n s t ru c te d  from a s in g le  p ie c e  o f  1 /8 M gauge
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p l a t e ,  w ith  two f o i l  s t r a i n  gauges g lued  to  th e  s id e s  o f  th e  
"beam segm ents. D isplacem ent o f  th e  end p o in t s  caused  f l e x u r e  
o f  th e  heam, which i s  re c o rd ed  by th e  s t r a i n  g auges . I t  a l s o  
p ro v id ed  a l o c a t i n g  f o r c e .
C a l ib r a t io n  o f  th e  c l i p  gauge showed t h a t  th e  ex ten so m e te r  
had a l i n e a r  resp o n se  over th e  d es ig n ed  range o f  3 nwu
The ex tensom eter  was lo c a te d  between two k n i f e  edges 
( f i g  5*7)* This p ro v id ed  a rea so n a b ly  c o n s i s t e n t  e x te n s io n  
measurement w ithou t th e  d i f f i c u l t y  o f  immersing the  
ex tensom ete r  in  th e  s a l i n e .  The crack p a th  was a l s o  k e p t  
v i s i b l e .
The lo a d  was re co rd ed  on an In s t r o n  500 kg lo a d  c e l l ,  
and th e  o u tp u t  from b o th  lo a d  c e l l  and ex ten so m e te r  were f e d ,  
v ia  s t r a i n  gauge a m p l i f i e r s ,  to  an X-Y p l o t t e r .
5*5 C rack len g th  Measurement 
5 .5*1  I n t ro d u c t io n
Table 5*1 shows s e v e r a l  a l t e r n a t i v e  methods o f  
measuring c rac k  e x te n s io n  in  f r a c t u r e  t e s t i n g .
Table 5*1
C rack len g th  Measurement Techniques
1. O p tic a l
2. A c o u s t ic  Emission
3. Compliance methods
i+. E l e c t r i c  p o t e n t i a l
5. C onducting p a in t
J  I
Extensometer
Fig 5.7
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1. O p tic a l
In  the  l i m i t ,  a r u l e  i s  sim ply p la c ed  a g a in s t  the 
specimen, and th e  a p p ro p r ia te  c ra c k le n g th  re a d  o f f  th e  s c a le .  - 
Where the  c rack  t i p  i s  s u f f i c i e n t l y  d i s t i n c t ,  t h i s  method 
o f te n  g ives  an a c c u ra te  measurement. P o s s ib le  re f in e m e n ts  
in c lu d e  the  u se  o f  a c ine  camera sy n ch ro n ised  w ith  lo a d  and 
e x te n s io n  measurements (5 2 ) .  This  method has been u sed  
e x te n s iv e ly  on th e  f r a c t u r e  t e s t i n g  o f  la rg e  th in  s h e e t s ,  
where c o n s id e ra b le  amounts o f  s t a b le  c rack  growth has 
o cc u rre d  b e fo re  t e s t  f r a c t u r e .
The o p t i c a l  techn ique  however, r e l i e s  on a s u b je c t iv e  
e s t im a te  o f  th e  p o s i t io n  o f  th e  crack  t i p ,  which can in tro d u c e  
i n c o n s i s t e n c i e s .  The method i s  a l s o  on ly  a c c u ra te  f o r  th in  
s e c t io n s .  With in c r e a s in g  th ic k n e s s ,  th e  crack  f r o n t  tends  
to  bow fo rw ard  in  the  c e n tr e  (i+7).
2. A co u s tic  Emission
D is tu rb an c es  in  a s o l i d ,  such  as the sudden r e l e a s e  in  
e l a s t i c  energy a s s o c ia t e d  w ith  c rack  e x te n s io n ,  c r e a te s  
u l t r a s o n i c  waves which may be d e te c te d  w ith  a s u i t a b l e  
t r a n s d u c e r .  I t  i s  found th a t  th e  amount o f  n o is e  g e n e ra te d  
i s  rough ly  p r o p o r t io n a l  to  the  r a t e  o f  crack growth. An 
accum ulated  count th e r e fo r e  g ives  an in d ic a t io n  o f  th e  t o t a l  
amount o f  c rack  e x te n s io n ,  and hence c ra c k le n g th .
The method i s  ex trem ely  s e n s i t i v e  to  d e te c t in g  sm all 
and i n i t i a l  inc rem en ts  in  c rack  e x te n s io n ,  a l th o u g h  w i th  the  
p re s e n t  tech n o lo g y , a c c u ra te  q u a n t i t a t i v e  r e s u l t s  a r e  v e ry  
d i f f i c u l t  to  produce ( 5 2 ) .
3* Compliance methods
F or a g iv e n  sp ec im en  and m a t e r ia l  p r o p e r t i e s ,  th e  
c r a c k le n g t h  may h e  e x p r e s s e d  a s  a f u n c t io n  o f  th e  sp ec im en  
c o m p lia n c e  o n ly .  T h is  may h e  u s e d  a s  an i n d i r e c t  m ethod  o f  
m ea su r in g  c r a c k le n g th  w here th e  c o n s ta n t  c r a c k le n g t h  r e s p o n s e  
i s  l i n e a r .
A c a l i b r a t i o n  cu rv e  i s  o b t a in e d  u s in g  s im u la te d  c r a c k s  
o f  known l e n g t h .  I t  i s  th e n  p o s s i b l e  to  o b t a in  an i n d i c a t i o n  
o f  th e  c r a c k le n g th  b y  c a l c u l a t i n g  th e  in s t a n ta n e o u s  v a lu e  o f  
c o m p lia n ce  and  r e a d in g  o f f  th e  e q u iv a le n t  c r a c k le n g t h  on th e  
c a l i b r a t i o n  cu rv e  ( 8 9 ) *
C hanges in  co m p lia n c e  a r e ,  h o w ev er , s m a l l ,  e s p e c i a l l y  a t  
th e  e a r l y  s t a g e s  o f  c r a c k  e x t e n s i o n .  I n c r e a s e d  s e n s i t i v i t y  
may b e  a c h ie v e d  i f  th e  gauge l e n g t h  b e tw e en  th e  m easurem ent 
p o in t s  i s  r e d u c e d . T hus, a r e f in e m e n t  o f  th e  c o m p lia n c e  
m ethod i s  to  u s e  a d is p la c e m e n t  t r a n s d u c e r  w ith  m easu rem en t  
p o in t s  a c r o s s  th e  n o t c h .
F u r th e r  d is a d v a n ta g e s  o f  th e  m ethod  in c lu d e  th e  s e n s i ­
t i v i t y  o f  th e  m easurem ent to  e c c e n t r i c i t i e s  in  th e  l o a d in g  
p o in t s  w h ich  a r e  d i f f i c u l t  t o  a v o id ,  and t h a t  c o m p lia n c e  w i l l  
a l s o  v a r y  w i t h ,c r a c k  t i p  p l a s t i c i t y  ( 5 2 ) .
i+. E l e c t r i c  p o t e n t i a l
A n o th er  i n d i r e c t  m ethod  o f  m ea su r in g  c r a c k  e x t e n s io n  
in c lu d e s  th e  m easurem ent o f  e l e c t r i c  p o t e n t i a l  a c r o s s  th e  
open  mouth o f  th e  s t a r t e r  n o t c h .  When a c o n s ta n t  d . c .  c u r r e n t  
i s  p a s s e d  th ro u g h  th e  sp e c im e n , w i t h  th e  mean c u r r e n t  f lo w  a t  
r ig h t  a n g le s  to  th e  n o t c h ,  i t  i s  fo u n d  t h a t  t h e r e  i s  a v e r y  
good  c o r r e l a t i o n  b e tw een  th e  e l e c t r i c a l  r e s i s t a n c e  an d
c ra c k le n g th .  K nott (i+7) has r e p o r te d  t h a t  i t  i s  p o s s ib le  
to  measure c ra c k le n g th s  to  w ith in  0 .1  mm and d e t e c t  changes 
in  c ra c k le n g th  o f  l e s s  than  0 .01  mm. Such s e n s i t i v i t y  demands 
v e ry  c a r e fu l  c o n t ro l  o f  b o th  the  d. c .  c u r r e n t  and th e  
specimen te m p e ra tu re .
5 . Conducting p a i n t
For non -conducting  specim ens, th e  e l e c t r i c a l  p o t e n t i a l  
m easuring  p r i n c i p l e  can be u sed  by a t t a c h in g  t h i n  s t r i p s  o f  
conduc ting  m a te r ia l  to  th e  specimen. An i n d i c a t i o n
o f  c ra c k le n g th  i s  t h e r e f o r e  o b ta in e d  when th e  f r a c t u r e  
p ro c e ss  r u p tu re s  each  s t r i p .  T h is  i s  re c o rd ed  a s  a sudden 
change in  r e s i s t a n c e  which i s  assumed to  occur as th e  c rac k  
t i p  p a s se s  each  s t r i p .  The method has  been u se d  w ith  some 
success  on double c a n t i l e v e r  specimens o f  polym ethyl 
m e th a c ry la te  (9 0 ) .
5*5*2 Crack le n g th  measurement o f  bone specim ens.
For th e  measurement o f  c ra c k le n g th  in  t h i s  t e s t ,  th e  
e l e c t r i c a l  p o t e n t i a l  method can b e  ru le d  o u t .  A c o u s t ic  
em iss io n , a l th o u g h  s e n s i t i v e  to  c rac k  e x te n s io n ,  does n o t  
p rov ide  a q u a n t i f i e d  measurement. The method o f  u s in g  
conducting  p a in t  was a l s o  d is c o u n te d  because  the specimen 
was immersed in  a conduc ting  f l u i d .
Two methods, th e n , appeared  s u i t a b l e  f o r  use  in  th e  
t e s t  method, and i t  was dec ided  to  t e s t  b o th  by e x p e r im en t.
( i )  Compliance
Four specimens were m anufactu red  u s in g  the  te c h n iq u e
Crosshead speed : 1.25 mm/min
Compliance (mm/N) 
.04
C = .0005 -.021a/L + ,0463(a/L) .0316(a/L) mm/N
results from 4 specimens
Fig 5 . 8
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d e s c r ib e d  in  5*3* Each was lo a d e d  and unloaded  a t  a number 
o f  d i f f e r e n t  c ra c k le n g th s  s im u la te d  w ith  a j e w e l l e r s  saw 
( th ic k n e s s  o f  cu t  = 0 .3  mm). The t e s t s  were a l s o  r e p e a te d  
a t  th r e e  d i f f e r e n t  c ro ssh e ad  sp eed s ;  1 .2 5 , 12 .5  and 
25 mm/min.
Values o f  com pliance a g a in s t  c ra c k le n g th  (n o rm a lis e d  w ith  
th e  specimen le n g th )  were r e g re s s e d  on a t h i r d  o rd e r  po lynom ial 
u s in g  a computer programme. R eg ress io n  was r e s t r i c t e d  to  t h i s  
degree s in c e  h ig h e r  o rd e r s  tended  to  in tro d u c e  u n r e a l i s t i c  
re g io n s  in v o lv in g ,  f o r  example, a r e d u c t io n  o f  com pliance w ith  
c rack  e x te n s io n .  The o rd e r  a l s o  c o in c id e s  w i th  t h a t  o f  th e  
e x p re s s io n  f o r  com pliance u s in g  s im ple  "bending th e o ry  (91)«
u. r  2-0? 
i . e .  ^  = ^  = 3 E \
These r e s u l t s  can h e  seen  in  f i g  5*8.
( i i )  O p t ic a l
11 double c a n t i l e v e r  specimens were f r a c t u r e d  to  a 
p a r t i c u l a r  c ra c k le n g th  which was measured u s in g  a t r a v e l l i n g  
m icroscope. The specimens were i l l u m in a te d  w i th  a  500 W 
p h o to f lo o d  l i g h t  p la c e d  about 6” from th e  edge o f  th e  ta n k  
b eh in d  th e  specimen.. Each specimen was th en  c a r e f u l l y  
u n loaded , s t a in e d  w ith  Methylene Blue and th en  ground  by  
hand to  a th ic k n e s s  o f  100-200ytuvi u s in g  a s i l i c o n  c a rb id e  
pape r  and ta p  w a te r .
The c ra c k le n g th  was then  rem easured , and a com parison 
made between the  two o b s e rv a t io n s .
R e s u l ts  a r e  shown in  f i g  5*9* There i s  a mean d i f f e r e n c e  
o f  + 1 .1 5  mm w ith  a s ta n d a rd  d e v ia t io n  o f  0 .51  mm.
Thus, th e  o p t i c a l  m ethod c o n s i s t e n t l y  o v e r e s t i m a t e d  
th e  p o s i t i o n  o f  t h e  c r a c k  t i p  b y  a l i t t l e  o v e r  1 mm, a s su m in g  
t h a t  th e  t r u e  p o s i t i o n  o f  th e  c r a c k  t i p  was c o r r e c t l y  
e s t i m a t e d  b y  th e  s e c o n d  m easu rem en t. T h is  e r r o r  i s  
in d e p e n d a n t  o f  c r a c k l e n g t h .  S in c e  th e  q u a s i s t a t i c  t e s t  
m ethod o n l y  r e q u i r e s  d i f f e r e n c e s  i n  c r a c k l e n g t h ,  t h i s  e r r o r  
i s  l e s s  d i s t u r b i n g  th an  i t  m igh t  a p p ea r  a t  f i r s t  s i g h t .  The 
e r r o r  i s  p r o b a b ly  due t o  t h e  i n c r e a s e  i n  o p a c i t y  o f  b on e  
o b s e r v e d  i n  t e n s i l e  sp e c im e n s  a t  s t r e s s e s  c l o s e  t o  th e  
u l t i m a t e  t e n s i l e  s t r e n g t h .  In  th e  d o u b le  c a n t i l e v e r  s p e c im e n s ,  
t h i s  was m a n i f e s t e d  a s  a s m a l l  dark r e g io n  a ro u n d  t h e  c r a c k  
t i p .  T h is  zo n e  d is a p p e a r e d  on u n lo a d in g  t h e  s p e c im e n .
The s ta n d a rd  d e v ia t io n  o f  th e  o p t i c a l  method o f  m easuring  
c rac k  le n g th  i s  0 .51  mm. T h is  i s  v e ry  much b e t t e r  th a n  th e  
com pliance cu rve , f o r  which th e  s ta n d a rd  d e v ia t io n  ab o u t  th e  
r e g r e s s io n  curve i s  n e a r e r  2 mm. W right and H arper (76) have 
a l s o  produced a c o m p lia n ce /c ra c k le n g th  curve w ith  a s i m i l a r  
degree o f  s c a t t e r .  F ig  5 .8  a l s o  dem o n stra te s  th e  i n s e n s i t i v i t y  
o f  compliance w ith  changes o f  c ra c k le n g th  much below 
a /L  = 0 .2 .
F or  t h e s e  r e a s o n s ,  th e  o p t i c a l  m ethod o f  m e a su r in g  
c r a c k l e n g t h  was s e l e c t e d ,  u s i n g  a t r a v e l l i n g  m ic r o s c o p e  
l o c a t e d  a b o u t  18” from  th e  sp e c im e n .
D i s t o r t i o n  e f f e c t s  due t o  ch a n g es  i n  r e f r a c t i v e  in d e x  
b e tw e e n  sp e c im e n  and m ic r o s c o p e ,  w ere i n v e s t i g a t e d .  An 
e n g i n e e r 1 s 6 in c h  r u l e  was im m ersed  i n  th e  ta n k  i n  th e  same 
p o s i t i o n  a s  th e  s p e c im e n ,  and t h e  d i s t a n c e s  b e tw e e n  t h e  
g r a d a t io n s  m easured  w i t h  th e  m ic r o s c o p e .  No e r r o r s  w ere  
r e c o r d e d ,  a t  l e a s t  to  w i t h i n  0 . 1  mm.
5*6 T es t  Procedure
The s ta n d a rd  t e s t  method was adop ted  a s  fo l lo w s ;
( i )  The lo a d  c e l l  and  ex ten so m eter  were c a l i b r a t e d .
( i i )  The f r a c t u r e  s e c t io n  th ic k n e s s  was measured w ith
a b a l l - n o s e d  m icrom eter a t  r e g u la r  i n t e r v a l s  a lo n g  th e  c rack  
p a th .
( i i i )  5 mm spaced markers were f i n e l y  drawn w ith  a 
p e n c i l  p e rp e n d ic u la r  to  th e  c rack  p a th  on the  specim en.
With p r a c t i c e ,  i t  was p o s s ib le  to  o b ta in  a f a i r l y  c o n s i s t e n t  
l i n e  th ic k n e s s  o f  n o t  more than  0 .25 mm. The o p e ra t io n  had 
to  be  done q u ic k ly  and the  bone k e p t  wet a t  a l l  t im e s .
( iv )  The specimen was then  p la c e d  in  th e  r i g ,  an d  the  
d is ta n c e  between each  marker measured w ith  the  t r a v e l l i n g  
m icroscope.
(v) The t e s t  was s t a r t e d ,  a f t e r  lo c a t i n g  th e  ze ro  lo a d  
p o s i t i o n  on the  X-Y p l o t t e r .
( v i )  Once c ra c k in g  began , th e  lo a d  in p u t  to  the  
p l o t t e r  was m om entarily  e a r th e d  as  th e  c ra c k  t i p  p a s s e d  each 
m arker. This  produced a s e r i e s  o f  b l i p s  on the  lo a d  
e x te n s io n  re c o rd .
( v i i )  A f t e r  th e  specimen had been co m p le te ly  f r a c t u r e d ,  
a t a b l e  was drawn up, l i s t i n g  synchronous v a lu e s  o f  lo a d ,  
e x te n s io n ,  c ra c k le n g th  in c re m en t,  th ic k n e s s  and crack  
v e l o c i t y .
( v i i i )  V alues o f  R were c a l c u l a t e d  a c c o rd in g  to  th e  
form ula
R _ AE 
R •  A A
where A  A i s  the  increm ent in  crack  a re a
A E  = J(YnXn+l -  Yn+lXn) = The a re a  o f  a t r i a n g l e
Nmm 
1 .61 8 .3  .061
Load (kg)
.025
3 .01 1 3 .5  .0 0 7
4  .65  1 6 .3  .04
5 1 . 3  23 .8  . 0 5 4
6 .4 3  21.1 .022
7 2.41 3 5 .7  .068
A 215-
A 3
A 4
A 5
10-
A 6
A 7
5-
Extension(mm) 1-0
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i_n
w it h  c o o r d i n a t e s  ( 0 . 0 ) ,  (Yn, X n ),  (Yn+1, X n+ 1), an d  w here  
Yn+1, Yn; Xn+1, Xn a r e  t h e  l o a d s  and e x t e n s i o n s  a t  
c o n s e c u t i v e  m easurem ent p o i n t s .
A lth o u g h  t h i s  a ssu m es  t h a t  th e  l o a d  e x t e n s i o n  r e s p o n s e  
"between e a c h  p o i n t  i s  a s t r a i g h t  l i n e ,  i t  was f e l t  t h a t  t h e  
s t a n d a r d i s a t i o n  o f  t h e  m easurem ent o u tw e ig h e d  a n y  l o s s  i n  
a c c u r a c y .  T h is  a l lo w e d  th e  e n e r g y  a b so r b e d  t o  h e  e s t i m a t e d  
w it h o u t  r e c o u r s e  t o  some form  o f  g r a p h i c a l  i n t e g r a t i o n .
The m ethod s a v e d  a c o n s id e r a b l e  amount o f  t i m e ,  and  
p ro d u ced  r e s u l t s  w h ich  c o u ld  e a s i l y  b e  c h e c k e d .  Where 
o b v io u s  d i s c r e p a n c i e s  d i d  o c c u r  ( f i g  5 * 1 0 ; show s a  p a r t i c u l a r l y  
p ron o u n ced  e x a m p le ) , th e  e r r o r s  w ere  e s t i m a t e d  from  t h e  
l o a d / e x t e n s i o n  g ra p h  and ad d ed  o r  s u b t r a c t e d  t o  t h e  c a l c u l a t e d  
v a l u e  o f  th e  d i s s i p a t e d  e n e r g y .
5 .7  A c c u r a c y  and  C o n s i s t e n c y
S in c e  t h e  d e s ig n  o f  t h e  t e s t  m ethod  c o n s t i t u t e d  a  
s u b s t a n t i a l  p r o p o r t io n  o f  t h i s  s t u d y ,  t h e  q u a l i t y  o f  t h e  
e x p e r im e n ta l  t e c h n iq u e  n e e d e d  c a r e f u l  c o n s i d e r a t i o n .
F o r  c o n v e n ie n c e ,  t h i s  may b e  d e f i n e d  i n  term s  o f  
a c c u r a c y  and c o n s i s t e n c y .
( i )  A c c u r a c y
T h is  r e l a t e s  th e  p o s s i b l e  i n s t r u m e n t a t i o n  e r r o r s  t o  
t h e  m easured  p r o p e r t y  -  i n  t h i s  c a s e  t h e  work o f  f r a c t u r e ,  R 
Thus R = R(X, u ,  A ) , w here sy m b o ls  h a v e  t h e i r  u s u a l  
m ean in g . The e r r o r  i n  R can  b e  e s t i m a t e d  b y  u s i n g  th e  w e l l  
known fo rm u la
i.
( S e e ,  e . g .  9 2 )
where A = the  e r r o r  in  the  s u b s c r ip te d  v a r ia b le
N o t i n g  t h a t  ( s e e  C h a p ter  Ij.)
R = I d GoO
J&"
F or  a t y p i c a l  o b s e r v a t i o n ,  a n d  n o t i n g  t h a t
A = c r a c k l e n g t h  x  t h i c k n e s s
u  = 0,5mm
X = 100N
a = 5mm 
t  = 1mm
Ax = + 0.5N 
Au = + 0.02mm 
Aa = + 0.5nun 
A t = + 0.02mm
Thus A5 = (.0052 + .OA2 + •I2 + ,022)* = 0.11
The t o t a l  e r r o r  due to  i n s t r u m e n t a t io n  i s  t h e r e f o r e  
e s t i m a t e d  a t  around  1 1 $ ,
( i i )  C o n s i s t e n c y
I t  i s  e x t r e m e ly  im p o r ta n t  t o  e s t a b l i s h  t h a t  t h e  t e s t  
m ethod i s  c o n s i s t e n t  w i t h  th e  t h e o r e t i c a l  fram ew ork . To a  
c e r t a i n  e x t e n t ,  a p o o r  a c c u r a c y  may b e  t o l e r a t e d ,  b u t  a 
m easurem ent t h a t  i s  i n c o n s i s t e n t  w i t h  i t s  t h e o r e t i c a l  m odel  
i s  w o r t h l e s s .
T here a r e  two a r e a s  w h ich  r e q u i r e  i n v e s t i g a t i o n .  The 
f i r s t  i s  t h e  c o n s i s t e n c y  b e tw e e n  t h e  m easu red  v a r i a b l e s  a n d  
t h o s e  e x p r e s s e d  i n  th e  o r i g i n a l  e n e r g y  b a l a n c e ,  and th e  s e c o n d  
r e l a t e s  to  th e  j u s t i f i c a t i o n  o f  th e  o r i g i n a l  a s s u m p t io n s .
Thus, f o r  e a c h  v a r i a b l e  :
( i )  Load
T h is  i s  d e f i n e d  a s  t h e  f o r c e  a p p l i e d  t o  th e  l o a d  
a p p l i c a t i o n  p o i n t  on th e  sp e c im e n .  I t  may b e  s e e n  t h a t  t h e
Fig 5.11
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t r u e  v a l u e  i s  e q u a l  t o  th e  lo a d  r e c o r d e d  hy  th e  lo a d  c e l l  -  
th e  f r i c t i o n  in  th e  n y lo n  h e a r in g  -  th e  w e ig h t  o f  t h e  s t r u c t u r e  
b etw een  l o a d  c e l l  and  u p p er  l o a d  p i n .  * The l a t t e r  term  i s
f
c o n s t a n t  and  may he b a la n c e d  o u t  on th e  l o a d / e x t e n s i o n  r e c o r d .  
The f r i c t i o n  i s  more s e r i o u s ,  and was a lw a y s  c h e c k e d  to  he  
i n s i g n i f i c a n t  b e f o r e  e a c h  t e s t ,  rem oving  th e  h e a r in g ,  and  
c l e a n i n g  th e  s u r f a c e s  i f  n e c e s s a r y .
( i i )  E x t e n s io n  m easurem ent.
T h is  i s  th e  e x t e n s i o n  o f  th e  l o a d  p o i n t s  in  t h e  s p e c im e n ,  
w h ich  i s  n o t  th e  m easured v a l u e ,  a s  may h e  s e e n  in  f i g  5«7*
Thus
& l o a d  p o i n t s  = £> m easured  -  & su p p o r t  -  & p i n s  (b e n d in g )  -
S p in s  ( s h e a r ) , 
where S  s u p p o r t  = th e  d e f l e c t i o n  o f  t h e  r i g  b etw een  t h e  
measurem ent p o i n t s  and th e  l o a d  p o i n t s .
I t  rem a in s  t o  show t h a t  & l o a d  p o i n t s  -  5  m easu red  i s
n e g l i g i b l e ,  and from  s im p le  c a l c u l a t i o n s  (S e e  a p p e n d ix  1 ) ,  a t  
a n o m in a l  l o a d  o f  10  k g ,  th e  t o t a l  i n c o n s i s t e n c y  i n
e x t e n s i o n  m easurem ent i s  n o t  more than  a b o u t  3ywvi, w h ich  can
b e  ig n o r e d .
For q u a s i s t a t i c  t e s t s ,  t h i s  e r r o r  i s  o f  no im p o r ta n c e ,  
s i n c e  th e  d i f f e r e n c e  b e tw e e n  th e  m easured  and tr u e  v a l u e s  o f  
e x t e n s i o n  a r e  due t o  e l a s t i c  d e f o r m a t io n s .  T h is  w i l l  h a v e  no
e f f e c t  on th e  v a lu e  o f  R, a s  may be s e e n  by s t u d y in g
e q u a t io n  i+.2 .
I r r e v e r s i b l e  e f f e c t s ,  h o w ev er ,  may o c c u r  from th e  
im p e r fe c t  a l ig n m e n t  and  f i t  o f  t h e  l o a d  p i n s  (5 * 1 1 )*
In  A , th e  e f f e c t  i s  o f  l i t t l e  s i g n i f i c a n c e ,  s i n c e  
c le a r a n c e  w i t h in  t h e  s u p p o r ts  a l l o w s  f o r  t h i s ,  and t h e  
e f f e c t i v e  l o a d  p o i n t s  become c o p la n a r  o n ce  t h e  sp e c im en  i s
in s e r t e d .
In  B, however, no such rea l ig n m en t i s  p o s s ib le ,  and  
o b s e rv a t io n a l  e r r o r s  may be in t ro d u c e d  as  a r e s u l t  o f  th e  
t r u e  and measured lo a d s  n o t  b e in g  c o in c id e n t .  C a re fu l  
c o n s t ru c t io n  and e r e c t i o n  o f  th e  r i g  has meant t h a t  no 
m isalignm ent was o b se rv a b le  to  the  naked eye (say  A<C 0.25mm). 
The e r r o r  in  m easuring lo a d  and e x te n s io n  i s  o f  o rd e r  
(1 -  Cos0 ) ,  a s  may be seen in  f i g .  5*11.
To*\ & = O -'Z Snw *  -  O-OZS"
lo t/vwM ( •5^ -y)
The e r r o r  i s  th u s  £  ) ,  w h ic h  i s  much l e s s  th a n  1%,
and may t h e r e f o r e  b e  ig n o r e d .
An im p e rfe c t  f i t  between specimen and specimen h o ld e r  
in t ro d u c e s  more s e r io u s  d i f f i c u l t i e s ,  a s  may be seen  by 
comparing the  lo a d /e x te n s io n  resp o n se  and the lo a d /n o tc h  
opening d isp lacem en t c a r r i e d  o u t  on an i d e n t i c a l  specimen 
( f i g  5*13)• A lthough th e  n o tc h  opening d isp lacem en t i s  n o t  
j u s t i f i e d  a s  a lo a d  p o in t  d isp la c e m e n t ,  i t  does dem o n s tra te  
t h a t  th e  specimen resp o n se  i s  a lm ost e x a c t ly  Hookeian, w h i l s t  
th e  c o n v en tio n a l measured e x te n s io n  shows a marked n o n l in e a r  
c h a r a c t e r i s t i c  c lo se  to  the  o r i g i n .
T h is  i s  o f  im p o r ta n c e  i n  t h e  m easurem ent o f  R s i n c e  th e  
o r i g i n  must b e  w e l l  d e f i n e d  i n  o r d e r  t o  c o n s t r u c t  t h e  r a d i a l  
l i n e s  o f  c o n s t a n t  c o m p lia n c y .
I t  i s  p r o p o se d  t h a t  an a r t i f i c i a l  o r i g i n  b e  c o n s t r u c t e d  
a s  shown in  f i g  5 * 1 2 .
The n o n l i n e a r i t y  i s  due t o  t h e  l o a d  p i n s  o n l y  g r a d u a l l y  
b e d d in g  down i n  t h e i r  h o l e s .  A lth o u g h  th e  e x t e n s o m e t e r  o n l y  
s e e s  a m o n o t o n ic a l ly  i n c r e a s i n g  d i s p la c e m e n t  ( f o r  c o n s t a n t  
c r o s s h e a d  r a t e ) ,  th e  l o a d  c e l l  d o e s  n o t ,  and th e  r e s u l t i n g

r a t i o  i s  n o t  c o n s ta n t*  W ith  th e  n o t c h  o p e n in g  d i s p l a c e m e n t ,  
h o w e v e r ,  h o t h  m easurem ents  a r e  e q u a l l y  n o n l i n e a r ,  and th e  
r a t i o  i s  t h e r e f o r e  c o n s t a n t .
F i n a l l y ,  t h e r e  r e m a in s  th e  j u s t i f i c a t i o n  o f  t h e  
a s su m p t io n  made i n  t h e  d e r i v a t i o n  o f  R. T h ese  w e r e ;
( i )  That t h e  e f f e c t  o f  th e  l o a d i n g  c o n s t r a i n t s  on th e  
sp e c im en  was to  c a u s e  c r a c k  e x t e n s i o n  h y  th e  a c t i o n  o f  
t e n s i l e  f o r c e s  a c r o s s  t h e  c r a c k  f a c e  (Mode I ) .  I t  i s  
im p o r ta n t  t o  d e m o n str a te  t h a t  th e  a c t i o n  o f  ( e . g . )  s h e a r  
f o r c e s  i s  n e g l i g i b l e  i n  t h e  f r a c t u r e  p r o c e s s  when com pared  
w it h  t h e  t e n s i l e  f o r c e s .  I f  th e  o b j e c t i v e s  o f  th e  t e s t  w ere  
to  m easure th e  work o f  f r a c t u r e  i n  Mode I I  o r  Mode
I I I ,  th e n  th e  c o n v e r s e  w ou ld  a p p ly .
( i i )  That a l l  d e fo r m a t io n s  rem ote from  th e  c r a c k  t i p  
a r e  r e v e r s i b l e .  As m e n tio n e d  i n  th e  p r e v io u s  C h a p te r ,  t h i s  
i s  b e c a u s e  t h e  v a l u e  o f  R i s  o b t a in e d  b y  d i v i d i n g  a l l  t h e  
d i s s i p a t e d  e n e r g y  b y  t h e  in c r e m e n t a l  c r a c k  a r e a .  I t  i s  
t h e r e f o r e  n e c e s s a r y  to  d e m o n str a te  t i n t  t h i s  e n e r g y  comes  
from  th e  c r a c k  t i p .
I t  was though t t h a t  the  b e s t  way o f  r e a l i z i n g  assum ption
( i )  was by sim ple ex p e rim en t, w ith  the  o b je c t iv e  o f  m easuring  
th e  ou t o f  p lan e  lo a d in g .
A c c o r d i n g l y ,  two m e ta l  f o i l  s t r a i n  g a u g e s  ( d im e n s io n s  
2 mm x  2 mm) w ere  g l u e d  t o  an A r a l d i t e  sp e c im en  o f  i d e n t i c a l  
s i z e  an d  shap e  a s  t h o s e  o f  b o n e .  The s t r a i n  g a u g e s  w ere  
p l a c e d  on th e  sp e c im en  c e n t r e  l i n e ,  5 mm from  th e  n o t c h  
t i p ,  on e i t h e r  s i d e .  The g a u g e s  w ere s e n s i t i v e  t o  s t r a i n  i n  
th e  d i r e c t i o n  o f  l o a d i n g .
The m a t e r i a l  was c h o se n  i n  p r e f e r e n c e  t o  b o n e  f o r
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p r a c t i c a l  reasons  and  a l s o  f o r  i t s  w e ll  "behaved e l a s t i c  
p r o p e r t i e s ,  A r a ld i t e  has a l s o  th e  advantage o f  "being 
" b i r e f r in g e n t .  This p e rm i t te d  a s u p e r f i c i a l  exam ina tion  o f  
th e  f r i n g e  p a t t e r n  to  e s t a b l i s h  a conven ien t s i t e  f o r  th e  
s t r a i n  gauges. I f  i t  had  been p o s s ib le  to o b ta in  i n f i n i t e l y  
sm all g auges , l o c a te d  in  e x a c t ly  th e  same p la c e  e i t h e r  s id e  
o f  th e  specim en, then  th e  n o tc h  ro o t  would have been  th e  
b e s t  s i t e .
U n fo r tu n a te ly ,  th e  r a t e  o f  change o f  s t r a i n  in  th e  
d i r e c t i o n  o f  the  a p p l ie d  lo a d  i s  a t  a maximum h e r e .  Exam ination  
o f  th e  f r i n g e s  showed t h a t  a d is ta n c e  o f  5 mm from th e  t i p  was 
a s u i t a b l e  compromise between o b ta in in g  a s e n s i t i v e  s t r a i n  
measurement w h i l s t  n o t  b e in g  s u b je c t  to  l a r g e  s t r a i n  r a t e s  
a c ro s s  th e  gauges.
By u s in g  h e ig h t  gauges and  a f l a t  s u r f a c e ,  i t  was 
e s t im a te d  t h a t  the  accu racy  o f  lo c a t i n g  the  gauges a t  th e  
same p o in t  on e i t h e r  s id e  o f  th e  specimen was o f  th e  same 
o rd e r  as  the  o v e r a l l  m achining to le r a n c e  ( .0 5  mm).
The two gauges were connected  as  arms in  a V /heatstone 
b r id g e  c i r c u i t ,  and th e  o f f -b a la n c e  v o l ta g e  f e d ,  v i a  an 
a m p l i f i e r  to  the  X a x i s  o f  an X-Y p l o t t e r .  The Y a x i s  was 
connected  to  r e c o rd  th e  a p p l ie d  lo a d  from an I n s t r o n  Load 
c e l l  ( c a p a c i ty  500 k g ) .
The specimen was i n s e r t e d  in  the  t e s t  r i g ,  lo a d e d  to  
20 kg a1Ta c o n s ta n t  c ro ssh e ad  speed  o f  0 .5  mm/min, and th e n  
un loaded  a t  th e  same r a t e .  This  was r e p e a te d  20 t im e s ,  
removing and r e i n s e r t i n g  th e  specimen each  t im e . At i n t e r v a l s ,  
th e  specimen was in v e r te d .
The v a r i a t i o n  in  response  can be seen in  f i g  5*1U 
showing the two ex trem es. I t  was n o te d  t h a t  i n v e r t i n g  th e
specimen d id  n o t  a l t e r  th e  d i r e c t i o n  o f  th e  s t r a i n  d i f f e r e n c e ,  
a l th o u g h  th e  magnitude was sometimes a f f e c t e d .
At a lo a d  o f  20 kg , the  maximum s t r a i n  d i f f e r e n c e  was 
i+00yU£ , and th e  minimum 60/Ue • T h is  co rresponded  to  about 
2.5% and 0.k% o f  th e  nom inal s t r a i n .
At f i r s t  s i g h t ,  th e  response  shown in  f i g  5*1^ would 
appear  to  show c o n s id e ra b le  ou t o f  l i n e  lo a d in g .  However, 
a t t e n t i o n  i s  drawn to  th e  s c a le  o f  th e  X a x i s ,  w hich i s  h ig h ly  
m agn ified . Indeed , e q u iv a le n t  s t r a i n s  co u ld  be o b ta in e d  by  
a p p ly in g  f i n g e r  p r e s s u re  on the  edges o f  th e  specim en, and 
ro ck in g  thumb and f o r e f i n g e r  s l i g h t l y .
A pplying s tudent*  s t  t e s t  to  th e  v a r ia n c e  o f  th e  d a ta ,  
w ith  18 degrees  o f  freedom , th e  upper  v a lu e  f o r  th e  95% 
con fidence  l i m i t  does n o t  exceed 5% o f  th e  nom inal s t r a i n .
As w ith  many form er c a l c u l a t i o n s ,  however, c a u t io n  must be 
made in  a t t a c h in g  too much s ig n i f i c a n c e  to  th e s e  v a l u e s .  The 
o b je c t iv e  o f  th e  experim ent was to  show t h a t ,  u s in g  th e  
des igned  t e s t  r i g  and specim en, th e  degree o f  ou t o f  l i n e  
lo a d in g  c o n t r ib u t in g  to  modes I I  and I I I  was sm a ll  when 
compared w ith  th e  nominal t e n s i l e  lo a d in g .
E nsuring  t h a t  a l l  de fo rm ations  remote from th e  c rac k  
t i p  a r e  r e v e r s ib l e  can b e s t  be approached by  u s in g  sim ple  
bend ing  th e o ry .  The double c a n t i l e v e r  specimen i s  t r e a t e d  
a s  a p a i r  o f  c a n t i l e v e r s .  I t  i s  then  p o s s ib le  to  r e l a t e  th e  
s t r e s s e s  a long the  c a n t i l e v e r  arms w ith  th e  c ra c k in g  p ro c e s s .  
T h is  i s  u s e f u l  because  a maximum s t r e s s  l i m i t  can be e s t im a te d ,  
p re v e n t in g  any m a te r ia l  y ie ld in g  (o r  g e n e ra l  i r r e v e r s i b l e  
b e h a v io u r ) .  A ccording to  bend ing  th e o ry ,  maximum s t r e s s e s  
w i l l  occur a t  th e  edges o f  th e  arm s, and f o r  a g iven  v a lu e  
o f  R, i t  may be seen t h a t  as  th e  w id th  o f  th e  arms i s  in c r e a s e d ,
so th e  maximum s t r e s s  w i l l  red u ce , an d  v ic a  v e r s a . '
C onsequently  th e re  w i l l  he a c r i t i c a l  specimen w id th  when 
c rac k in g  i s  i n i t i a t e d  a t  th e  e l a s t i c  l i m i t  o f  th e  m a t e r i a l .  
Gurney c a l l s  t h i s  th e  d.c r j^  c o n d i t io n  (8 2 ) .
W ithin  the  assum ptions r e q u i r e d  f o r  simple "bending 
a n a l y s i s ;
= S E R  , _v
QjT. ( see  Appendix 3)
Below t h i s  v a lu e  y i e ld in g  w i l l  occur b e fo re  c ra c k in g ,  
in  th e  hu lk  o f  th e  specimen, and ahove i t  a l l  s t r e s s e s  w i l l  
he below th e  e l a s t i c  l i m i t .
A lthough the  cLCPj^  c o n d i t io n  i s  s a t i s f i e d  f o r  h o n e , th e  
assum ptions concern ing  the  e l a s t i c  b eh a v io u r  of hone t i s s u e  
need  to  he  c a r e f u l l y  c o n s id e re d ,  a s  d is c u s se d  in  C h ap te r  2. 
F u rthe rm ore , the  s t r e s s  d i s t r i b u t i o n  as  d e s c r ib e d  by  sim ple 
bend ing  form ulae i s  on ly  a crude ap p ro x im a tio n . L oca l h ig h  
s t r e s s e s ,  n o ta b ly  around  the  lo a d  p in s ,  a re  ig n o re d ,  and th e  
o v e r a l l  d i s t r i b u t i o n  becomes s i g n i f i c a n t l y  d i s t o r t e d  a s  th e  
beam dep th  exceeds much more th an  10% o f  i t s  l e n g th .
I t  was th e r e f o r e  d ec ided  t h a t  a s e r i e s  o f  t e s t s  sh o u ld  
be conducted  w ith  th e  fo l lo w in g  o b j e c t i v e s .
( i )  To i n v e s t i g a t e  w hether any s i g n i f i c a n t  i r r e v e r s i b l e  
lo s s e s  o cc u rred  b e fo re  c ra c k in g .
( i i )  To e s t a b l i s h  th e  o rd e r  o f  magnitude o f  th e  
h y s t e r e s i s  lo s s  o f  th e  c o n s ta n t  c ra c k le n g th  re sp o n se .
( i i i )  To check t h a t  the  l o a d / d e f l e c t i o n  curve a t  c o n s ta n t  
c ra c k le n g th  was l i n e a r .
Three specimens were t h e r e f o r e  machined from th e  
d iaphyses o f  two bovine femora to  th e  s p e c i f i c a t i o n  d e s c r ib e d  
e a r l i e r .  S im ula ted  cracks  were machined w ith  a 1 /8 ” s l o t
c u t t e r  o f  le n g th s  5 , 12 and 38.5  mm. The n o tc h ed  specimens 
were then  c a r r i e d  th rough  a lo a d /u n lo a d  c y c le ,  i n c r e a s in g  the  
peak lo a d  by an increm ent o f  2 kg. This  was r e p e a te d  u n t i l  
c ra c k in g  s t a r t e d  (a s  observed  w ith  th e  naked e y e ) .  F ig s  
5 .15 5  5*16 show th e  lo a d /e x te n s io n  t r a c e s  im m edia te ly  b e fo re  
c rac k in g  f o r  th e  th r e e  specim ens.
E a r ly  experim en ts  had been perform ed u s in g  a l o a d / c r a c k /  
u n lo ad  sequence w i th  th e  o b je c t iv e  o f  o b ta in in g  a smooth 
c ra c k in g  curve w ith  s t r a i g h t  and r e v e r s i b l e  c o n s ta n t  
c ra c k le n g th  re sp o n se s  as  shown in  f i g  5*17* T his would 
p ro v id e  sim ple and conv inc ing  p ro o f  t h a t  no i r r e v e r s i b l e  
defo rm ations  o th e r  than  c rack in g  were ta k in g  p l a c e .  What 
was a c t u a l l y  o b ta in e d ,  however, can be seen i n  f i g  5*18.
Note th e  s u b s t a n t i a l  h y s t e r e s i s  l o s s e s  and th e  non zero  
r e s id u a l  d e f l e c t i o n .
T h is ,  i t  was d is c o v e re d ,  was due to  th e  f ib r o u s  and 
g e n e ra l ly  d isc o n tin u o u s  n a tu re  o f  crackgrow th . As th e  
d isp lacem en t between th e  c rac k fa c e s  in c re a se d ,  sm a ll  r e g io n s  
o f  f ib ro u s  m a te r ia l  were obse rved  to  span th e  c ra c k  f a c e s .
On u n lo a d in g ,  t h i s  m a te r ia l  was g e n e r a l ly  i r r e v e r s i b l y  
deformed and a l s o  a c te d  a s  a p ro p , p re v e n t in g  com plete c lo s u re  
o f  th e  f a c e s .  As a method o f  a s s e s s in g  th e  r e v e r s a b i l i t y  o f  
lo a d in g  remote from th e  c r a c k t i p ,  t h i s  method was o b v io u s ly  
u s e l e s s .
An a l t e r n a t i v e  was to  use  an a r t i f i c i a l ,  smooth f a c e d  
n o tc h ,  and adopt th e  p rocedure  o u t l i n e d  p r e v io u s ly .  The 
s t r e s s  c o n c e n tra t io n  f a c t o r  a t  th e  t i p  o f  a m anufac tu red  
n o tc h  w i l l  always be l e s s  than  t h a t  a t  the  t i p  o f  a n a t u r a l  
c ra c k .  In  a r i s i n g  lo a d  t e s t ,  c rack in g  w i l l  t h e r e f o r e  o ccu r 
a t  a h ig h e r  nominal s t r e s s  f o r  th e  m anufactu red  n o tc h .
Load/unload curves at constant 
crack length
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The r e s u l t s  from th e  t e s t s ,  summarised in  f i g s  5«15>
5*16 show t h a t  no l a r g e  s c a le  i r r e v e r s a b i l i t y  o ccu rs  b e fo re  
c ra c k in g .  I t  i s  i n t e r e s t i n g  to  n o te  t h a t  the  cl c o n d i t io n  
was on ly  s a t i s f i e d  f o r  th e  w a is te d  specimen (see  Appendix i+). 
T h is  was a l s o  v e r i f i e d  e x p e r im e n ta l ly ;  whenever th e  c ra c k  
clim bed ou t o f  t h e  g roove , u n u su a l ly  h ig h  v a lu e s  o f  R were 
rec o rd e d .  These were, o f  co u rse ,  d is c a rd e d .
The h y s t e r e s i s  lo s s e s  were c a lc u l a te d  u s in g  sim ple 
g r a p h ic a l  te c h n iq u e s  and found  to  be n o t  more th a n  5% o f  th e  
s to r e d  e l a s t i c  ene rgy .
T his i s  w e l l  w i th in  th e  l i m i t s  o f  o v e r a l l  a c c u rac y  f o r  
th e  t e s t  (1 1 ^ ) ,  and  th e  assum ption  o f  l i n e a r  e l a s t i c  b e h a v io u r  
a t  c o n s ta n t  c ra c k le n g th  can be c o n s id e re d  as  b e in g  re a s o n a b ly  
j u s t i f i e d .  I t  i s  perhaps a d v is a b le  to  n o te  t h a t  h y s t e r e s i s  
l o s s e s  a re  i r r e v e r s i b l e  and , by d e f i n i t i o n ,  p a th  dependan t.
There i s ,  c o n seq u en tly ,  an im p lied  assum ption  t h a t  th e  
h y s t e r e s i s  l o s s e s  a s s o c i a t e d  w ith  a lo a d /u n lo a d  t e s t  a t  
c o n s ta n t  c ra c k le n g th  a re  o f  th e  same o rd e r  as  th o se  o b ta in e d  
when th e  specimen i s  f r a c t u r e d  over a c ra c k le n g th  in c re m e n t.
CHAPTER 6
Quasistatic Cracking Tests
6.1 Introduction
The t e s t  r i g  and ex p e r im en ta l  method d e s c r ib e d  p r e v io u s ly  
was u sed  f o r  a s e r i e s  o f  c ra c k in g  experim en ts  on bone specimens 
The p r i n c i p a l  o b je c t iv e  o f  th e  t e s t s  was to  e s t a b l i s h  a d a ta  
b ase  o f  v a lu e s  f o r  th e  work o f  f r a c t u r e  o f  l o n g i t u d i n a l  c rac k s  
in  bone, and to  compare R .w ith  t h a t  o f  a more c o n v e n tio n a l  
m a te r ia l  p ro p e r ty ,  th e  u l t im a te  t e n s i l e  s t r e n g t h .  Gurney (8U) 
has su g g es ted  t h a t  i t  i s  v e ry  im p o r ta n t  to  measure R a s  a 
f u n c t io n  o f  c rack  v e l o c i t y  -  even w ith in  th e  q u a s i s t a t i c  ra n g e . 
S ince P ie k a r s k i  (70) has a l s o  n o te d  t h a t  v e ry  d i f f e r e n t  v a lu e s  
o f  work o f  f r a c t u r e  (R) can be o b ta in e d  a t  d i f f e r e n t  lo a d in g  
r a t e s ,  t h i s  p ro v id ed  an e x t r a  reaso n  f o r  c o r r e l a t i n g  R w ith  
c rack  v e l o c i t y .
A number o f  measurements a r e  made on a s in g le  specimen 
d u rin g  a q u a s i s t a t i c  t e s t ,  a s  th e  crack  e x ten d s . S ince  th e  
shape o f  th e  double c a n t i l e v e r  specimen means t h a t  c rac k  
v e l o c i t i e s  w i l l  v a ry  w ith  c rack  e x te n s io n ,  the r e l a t i o n s h i p  
between R and crack  e x te n s io n ,  independen t from c ra c k  
v e l o c i t y ,  needed i n v e s t i g a t i o n .
F i n a l l y ,  i t  was f e l t  t h a t  some ac co u n t ought to  be  made 
o f  th e  v a r i a t i o n s  in  m a te r ia l  s t r u c t u r e  between each  specim en. 
I d e a l l y ,  s e c t io n s  co u ld  be taken  a t  c lo s e  i n t e r v a l s  ( s a y  
every  2 - 3  mm) along  th e  c rac k  p la n e .  These may th e n  be 
examined under th e  o p t i c a l  m icroscope, and  th e  d i f f e r e n t  bone 
s t r u c t u r e s  c o r r e l a t e d  w ith  th e  m echanical p r o p e r t i e s .  T h is  
ex p e rim en ta l  method has  been e x te n s iv e ly  u sed  in  sim ple
te n s io n  t e s t s  ( e .g .  3, 93 ) . However, s in ce  th e  t o t a l  c rac k  
a re a  was around 60 mm , i t  was f e l t  t h a t  a d e t a i l e d  exam ina tion  
o f ,  sa y , tw enty  s e c t io n s  f o r  each  specimen would ta k e  too lo n g , 
in  view o f  th e  l im i t e d  tim e a v a i l a b l e .
A much s im p le r  method, which r e a d i ly  p roduces a 
q u a n t i f i e d  r e s u l t ,  i s  to  measure the  amount o f  in o rg a n ic  
m a te r ia l  p r e s e n t  in  th e  specimen. Bone, i t  must he remembered, 
i s  a com posite m a te r ia l  c o n ta in in g  two main p h a s e s ,  o rg a n ic  
t i s s u e  in  th e  form o f  c o l la g e n ,  and in o rg a n ic  as  amorphous 
calcium  phosphate  and c r y s t a l l i n e  h y d ro x y a p a t i te  ( see  
C hap ter  2 ) .
Currey (9*+) has  s tu d ie d  th e  r e l a t i o n s h i p  between ash  
w eight and h i s t o l o g i c a l  s t r u c t u r e .  R e c o n s tru c te d  o r  
H aversian  bone te n d s  to  be  l e s s  m in e ra l iz e d  th an  u n reco n ­
s t r u c t e d ,  o r  la m in a r  bone. O ther w orkers ( e . g .  3) have 
reach ed  s i m i l a r  c o n c lu s io n s  u s in g  th e  ex p e r im en ta l  te c h n iq u e  
o f  m ic ro rad io g rap h y . Thin s e c t io n s  o f  bone, r e s t in g -  on a 
f in e  g ra in e d  p h o to g rap h ic  p l a t e ,  a r e  exposed to  X -ray  
i r r a d i a t i o n .  Subsequent e n la rg in g  and p ro c e s s in g  o f  th e  p l a t e  
shows a re a s  o f  in c re a s e d  m inera l c o n te n t  s in c e  th e y  have 
abso rbed  p r o p o r t i o n a l l y  more X -ray s .
There have been s e v e r a l  s tu d i e s  on th e  e f f e c t s  o f  
m in e r a l i z a t io n  on the  m echanical p r o p e r t i e s  o f  bone . Vose 
and Kubala (96) found t h a t  th e  t e n s i l e  modulus and b e n d in g  
s t r e n g th  o f  dry bone in c re a s e d  w ith  a sh  c o n te n t .  C u rrey  (9k)  
found the  same w ith  wet bone, b u t  a l s o  n o te d  t h a t  ene rgy  
a b s o rp t io n  to  f r a c t u r e  ro se  to  a maximum and then  f e l l .
B o n f ie ld  and C lark  (95) n o te d  an in c re a s e  in  th e  modulus o f  
e l a s t i c i t y  w ith  in c re a s e d  m in e r a l i z a t i o n .
The p ro p o r t io n  o f  m in e ra l  in  a specimen o f  hone can he 
measured by a sh in g  the  bone a t  h ig h  tem p era tu re  (9 7 ) .  The 
r e s id u a l  a sh  w eigh t i s  then  assumed to  be  e n t i r e l y  composed 
o f  calcium  phosphate  and h y d ro x y a p a t i te .
6 .2  E xperim en ta l Method
35 specimens were machined from th e  c o r t i c e s  o f  10 
bov ine  fem ora, u s in g  th e  method d e s c r ib e d  in  5 .3 .  Specimens 
were des ig n ed  a s  shown in  f i g  5*4. When n o t in  u s e ,  the  
specimens were wrapped in  s a l in e  soaked t i s s u e  and s to r e d  a t  
-20°C. Care was ta k en  to  en su re  t h a t  specimens were k e p t  
wet a t  a l l  t im es .
15 specimens were f r a c t u r e d  a t  a c o n s ta n t  c ro ssh e ad  
speed  o f  0.125 mm/min, a s  d e s c r ib e d  in  5*6. At r e g u la r  
i n t e r v a l s ,  the  tem p era tu re  o f  th e  s a l i n e  in  th e  t e s t i n g  b a th  
was measured, and was found  to  v a ry  by n o t  more th a n  + 1°C 
around  25°C.
Of th e s e ,  te n  specimens were s e l e c te d  a t  random f o r  
a sh in g  and t e n s i l e  t e s t i n g .  The cracked  specimen s id e s  were 
s e p a ra te d ,  one b e in g  used  f o r  a sh in g  and one f o r  th e  t e n s i l e  
t e s t s .
U. T. S. specimens were th e n  shaped by hand, u s in g  a 
m etal j i g ,  a f i n e  g rade o f  s i l i c o n  c a rb id e  paper  and  s a l i n e  
a s  a l u b r i c a n t .  Small p ie c e s  o f  1 /1 6 ” aluminium s h e e t  were 
g lu e d  to  the  s id e s  o f  th e  specimen u s in g  a q u i c k s e t t i n g  
epoxy r e s i n .  This promotes even d i s t r i b u t i o n  o f  lo a d  from 
th e  g r ip s  o f  th e  t e s t i n g  machine, e n su r in g  th a t  f r a c t u r e  
occurs  in  the w a is te d  s e c t io n  o f  th e  specimen.
The specimen dim ensions a re  shown in  f i g  6 .1 .
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The specimens were then  lo ad ed  to  f r a c t u r e  in  an 
I n s t r o n  t e s t i n g  machine a t  a c ro sshead  speed o f  1 .25  mm/min, 
p roducing  a nominal s t r a i n  r a t e  o f  0.0007S~^. The u l t im a te  
t e n s i l e  s t r e s s  was c a l c u l a t e d  by d iv id in g  the  maximum 
s u s ta in e d  lo a d  hy th e  specimen c r o s s - s e c t io n  a r e a .
The rem ain ing  p ie c e s  o f  hone were then  d r ie d  in  a 
d e s s ic a te d  oven a t  90°C to  c o n s ta n t  w e ig h t .  A ccuracy o f  the  
w eighing machine was + 0.01 gms. The p ie c e s  were th e n  ashed  
to  c o n s ta n t  w eight hy b ak in g  them a t  800°C. Ash w e ig h ts  
were then  ex p re s se d  a s  a p e rc e n ta g e  o f  th e  dry  w e ig h t .
Of th e  rem aining  20 double c a n t i l e v e r  specim ens, 5 were 
t e s t e d  a t  0 .5  mm/min, 10 a t  1 .25 mm/min, and 5 a t  5 .0  mm/min.
6 .3  R e s u l ts
Of th e  35 specim ens, 10 f r a c t u r e d  u n s ta b ly  b e fo re  any 
m easurab le  inc rem en t in  q u a s i s t a t i c  c ra c k in g .  I n s t a b i l i t y  
was p a r t i c u l a r l y  pronounced a t  th e  h ig h e r  s t r a i n  r a t e s ,  so 
t h a t ,  o f  th e  5 specimens t e s t e d  a t  5 mm/min, on ly  1 produced  
any r e s u l t s .  At the  s lo w est r a t e  (0 .125 mm/min) a l l  15 
specimens f r a c t u r e d  s t a b ly  ov er  th e  whole o f  t h e i r  l e n g th s .
A t y p i c a l  ex p e r im en ta l  l o a d / d e f l e c t i o n  c h a r t  o f  a 
c rac k in g  t e s t  i s  shown in  f i g  6 .2 .  L in es  o f  c o n s ta n t  R were 
c o n s t ru c te d  u s in g  the method d e s c r ib e d  in
S t a t i s t i c a l  a n a ly s i s  showed t h a t  R was ind ep en d an t o f  
th e  c ra c k le n g th  a t  v a lu e s  g r e a t e r  than  10 mm ( f i g  6 .3 )*  T h is  
i s  d is c u s s e d  in  d e t a i l  in  C hap ter  7«
V alues o f  R used  f o r  c o r r e l a t i o n  w ith  th e  U.T.S and 
c rack  v e l o c i t y  were th e r e f o r e  on ly  tak en  a t  c r a c k le n g th s  
above t h i s  v a lu e ;  i . e .  th e  f i r s t  two in c rem en ts  in  c ra c k
LOAD
(kg)
Area No Work of Crack Mean crack 
Fracture Velocity Length-20
KJm mms mm
1.69 0.23 7.5
12.52.4 0.11
17.51.98 0.13
2.04 0.12 2Z5
0.09 27.5
1.94 0.032 32.5
0.042 37.51.51
0.031 42.51.97
10
2.0
/ / / /  /
0.5 1.0 1.5
Extension (mm)
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growth were ig n o re d .
R was p l o t t e d  a g a in s t  c rack  v e l o c i t y  ( f i g  6.1+) • A 
t e n f o l d  in c re a s e  in  a ap p ro x im a te ly  doubles th e  v a lu e  o f  R. 
t h i s  c o r r e l a t i o n  i s  d is c u s se d  in  C hap ter  8.
The r e s u l t s  o f  th e  a sh in g  and U.T.S. t e s t s  a re  shown 
in  Table 6 .1 ,  w ith  R e x p re s se d  as  mean v a lu e s  p e r  specim en.
R i s  p l o t t e d  a g a in s t  ash w eight and U .T.S. in  f i g s  6 .5 ,
6 .6 .  Note t h a t  th e re  i s  a s tro n g  p o s i t i v e  c o r r e l a t i o n  
between a sh  w eight and U .T .S . ,  s i g n i f i c a n t  to  b e t t e r  than  
.0 5 .
TABLE 6 .1  
Summary o f  R e s u l ts  
Work o f  U lt im a te  T e n s i le
Specim en No.
f r a c t u r e
KJm- 2
A sh w e ig h t  
(% d ry  w e ig h t )
S t r e s s
m m ” 2
5P 1 .3 4 72.1+ 121
5A 1 .5 8 70.1 121+
6a 1 .24 72.5 137
7P 1.48 72.1 119
8A 1.22 71.5 11+2
8M 1 .2 7 71.1+ 127
8P 2 .0 4 6 9 .6 107
8L 2.11 70.1 113
10M 1.69 70.6 127
13A 1.66 6 9 .8 111+
6.2+ D isc u ss io n
The ex p e rim en ta l  lo a d /e x te n s io n  r e c o rd  ( f i g  6 .2 )  shows 
t h a t  c rack in g  i s  d is c o n t in u o u s .  Crack e x te n s io n  te n d ed  to  
occu r  in  s te p s  as  th e  c rack  was a r r e s t e d  by c a v i t i e s  o r  
i n t e r f a c e s  a c ro s s  th e  whole, o r  p a r t  o f  i t s  f r o n t .  T h is  i s  
shown as  a zone o f  in c r e a s in g  R. Once the c rack  was r e ­
i n i t i a t e d ,  r e s i s t a n c e  to  f r a c t u r e  te n d ed  to  f a l l ,  so t h a t  th e  
c rack  moved th rough  a zone o f  d e c re a s in g  o r  c o n s ta n t  R u n t i l  
i t  was r e - a r r e s t e d .
The d isc o n tin u o u s  mode o f  c rack  growth i s  a l s o  i n d i c a t e d  
in  th e  s c a t t e r  in  th e  ex p e r im en ta l  r e s u l t s ,  w i th  a mean 
v a r i a t i o n  o f  o rd e r  50$ f o r  each  specim en.
When compared w ith  th e  U .T .S . ,  R has a l a r g e r  s ta n d a rd  
d e v ia t io n  -  19% a s  compared w ith  8% o f  r e s p e c t iv e  mean 
v a lu e s  p e r  specimen. This  f i g u r e  i s  more pronounced when th e  
r e l a t i v e  specimen s i z e  i s  taken  i n to  c o n s id e r a t io n .  One o f  
th e  consequences o f  W eibu lls  a n a ly s i s  (56) was t h a t  an 
in c re a s e  in  specimen s iz e  w i l l  dec rease  th e  v a r i a t i o n  in  
s t r e n g th  f o r  b r i t t l e  f r a c t u r e .  The f r a c t u r e  s e c t io n  f o r  th e  
double c a n t i l e v e r  specimens was about 1 mm x 60 mm, which i s  
c o n s id e ra b ly  g r e a t e r  than  t h a t  f o r  the U.T.S. specim ens -  
3 mm x 3 mm. D ir e c t  comparison between th e  two p r o p e r t i e s  
i s ,  however, n o t  s t r a ig h t fo r w a r d .  D i f f i c u l t i e s  were cau sed  
by th e  f a c t  t h a t  th e  U.T.S. t e s t s  r e l a t e d  to  t r a n s v e r s e  
f r a c t u r e ,  w h i l s t  th e  q u a s i s t a t i c  t e s t s  r e l a t e d  to  l o n g i t u d i n a l  
c ra c k in g .  Due toe  th e  n a tu re  o f  th e  m a te r ia l  a v a i l a b l e  to  
form t e n s i l e  specimens from th e  c rac k in g  specim ens, i t  was 
im p o ss ib le  to produce a s a t i s f a c t o r y  t r a n s v e r s e ly  o r i e n t e d  
specimen.
B u rs te in  and R e i l l y  (3 2 ) ,  who conducted  i d e n t i c a l  t e s t s  
in  l o n g i tu d in a l  and t r a n s v e r s e  d i r e c t i o n s ,  found  t h a t  th e  
s ta n d a rd  d e v ia t io n  f o r  the  t r a n s v e r s e  s t r e n g th  o f  b ov ine  
bone was p r o p o r t i o n a l ly  tw ice  t h a t  f o r  th e  l o n g i t u d i n a l  
s t r e n g t h  t e s t s  ( t r a n s v e r s e  c r a c k s ) .  I f  t h i s  f a c t o r  i s  
a p p l ie d  to  th e  d e v ia t io n  o b ta in e d  in  th e  U.T.S. t e s t s  in  
t h i s  s tu d y , the  d i f f e r e n c e  between th e  v a r i a t i o n  in  v a lu e s  
o f  work o f  f r a c t u r e  and U.T.S. i s  sm a ll .
I t  must be  remembered, however, t h a t  R was o r i g i n a l l y  
d ev ised  to  measure the  f r a c t u r e  p r o p e r t i e s  o f  bone , and n o t 
a s  a r e p e a ta b le  des ign  p a ram e te r .  I t s  advan tages  over the  
U.T.S. a r e  im m edia te ly  a p p a re n t  from th e  ex p e r im e n ta l  r e c o rd s ,  
R can be measured over a d i s c r e t e  and c o n t r o l l e d  amount o f  
c rack  e x te n s io n .  The U .T .S . ,  however, i s  a nom inal m easure­
ment a t  a p o in t  o f  i n s t a b i l i t y  over  which th e re  i s  v e ry  l i t t l e  
c o n t ro l .  F u rthe rm ore , (a s  m entioned in  C hap te r  1) th e  s im ple 
te n s io n  t e s t  u s u a l ly  produces a complex, mixed mode f r a c t u r e .  
T h is  i s  c o n t r a s te d  by th e  sim ple  mode I  f r a c t u r e  in  th e  double 
c a n t i l e v e r  specimen.
The c o r r e l a t i o n  o f  R w ith  U.T.S. i s  s t a t i s t i c a l l y  
s i g n i f i c a n t  to w i th in  5% (u s in g  S tu d e n ts  t  t e s t ) ,  and  t h a t  
w i th  ash  c o n te n t  to  w i th in  1%.
The r e l a t i o n s h i p  between t e n s i l e  s t r e n g th  and ash  
w eight has a l re a d y  been r e p o r te d .  C urrey  (9h) has  shown 
t h a t  th e  energy  abso rbed  to  f r a c t u r e  in  h o th  s t a t i c  and 
im pact t e s t s  r i s e s  to  a maximum and then  f a l l s .  He a l s o  
found t h a t  the  median ash  co n ten t in  r a b b i t  m e ta t a r s a l s  
(66 -6 7 % )  co in c id e d  w ith  th e  p o in t  o f  maximum energy  
a b s o rp t io n  •
The in c r e a s e  in  t e n s i l e  s t r e n g t h  w i t h  a n  in c r e a s e  in  
a s h  c o n te n t  h a s  b een  r e l a t e d  t o  th e  p r o p o r t io n  o f  r e c o n s t r u c t e d  
bone in  th e  sp e c im e n . T h is  i n c r e a s e s  t h e  number o f  cem ent  
l i n e s ,  w h ic h , due to  t h e i r  c o l la g e n  f r e e  s t r u c t u r e ,  a r e  th o u g h t  
to  b e  p r i n c i p a l  's o u r c e s  o f  w e a k n e ss . T here i s  e x p e r im e n ta l  
e v id e n c e  f o r  t h i s ;  f a i l u r e  s u r f a c e s  o f  H a v e r s ia n  b o n e in  
s im p le  t e n s io n  t e s t s  o f t e n  show H a v e r s ia n  sy s te m s  p u l l e d  o u t  
o f  t h e  su r ro u n d in g  b o n e . ( 3 )
C o n v e r s e ly ,  cem ent l i n e s  c o u ld  in c r e a s e  th e  work o f  
f r a c t u r e  th ro u g h  p u l l  o u t  and d e b o n d in g . F o r  l o n g i t u d i n a l  
c r a c k in g ,  w here cem ent l i n e s  a r e  o r ie n t e d  in  a  s i m i l a r  
d i r e c t i o n  t o  th e  c r a c k , p u l l  o u t  i s  n o t  f a v o u r a b le .  The 
Cook-G-ordon m echanism  ( 65 ) ,  a s  d i s c u s s e d  in  C h a p ter  3 w o u ld  
t h e r e f o r e  a p p ea r  to  b e  th e  p r i n c i p a l  to u g h e n in g  a g e n t .  T h u s, 
th e  work o f  f r a c t u r e  w ou ld  in c r e a s e  w it h  th e  number o f  cem en t  
l i n e s  in  th e  cra ck  p a th .
CHAPTER 7
Work o f  Fracture and Cracklength
7.1 Introduction
The q u a s i s t a t i c  tech n iq u e  has  been developed  and u sed  
f o r  slow f r a c t u r e  t e s t s  on bov ine  fem ora. S ince measurements 
a r e  made on a runn ing  c ra c k ,  i t  i s  im p o rtan t to  e s t a b l i s h  
t h a t  th e  r e s u l t s  a r e  independen t o f  th e  c rack  l e n g th ;  
c o r r e l a t i o n s  between o th e r  v a r i a b l e s  become much more 
d i f f i c u l t  i f  R i s  a l s o  a f u n c t io n  o f  c r a c k le n g th .
The v a lu e s  o f  R o b ta in e d  in  th e  q u a s i s t a t i c  c ra c k in g  
t e s t s  were c o r r e l a t e d  w ith  c r a c k le n g th s ,  and  can be  seen  in  
f i g  6.3* The p o in ts  a r e  ex p ressed  a s  n o rm a lise d  v a lu e s  o f  
work o f  f r a c t u r e  a t  th e  mid p o in t  between the  two c ra c k ­
le n g th s  over which R was measured. E r ro r  b a r s  show one 
s ta n d a rd  d e v ia t io n .  S tu d e n t’ s t  t e s t s  c a r r i e d  o u t  on th e  
r e s u l t s  showed t h a t  th e  p r o b a b i l i t y  o f  the mean p o p u la tio n , 
v a lu e  o f  R b e in g  e q u a l to  u n i ty  was g r e a t e r  than 0 .2  in  a l l  
ca se s  excep t a = 7*5 mm, which was 0.0013* This means t h a t  
R can be assumed as  b e in g  independen t o f  c r a c k le n g th s  g r e a t e r  
th a n  abou t 7 .5  mm.
The r e l a t i v e l y  low v a lu e  o f  th e  work o f  f r a c t u r e  w ith  
sm all c ra c k le n g th s  poses s e v e r a l  i n t r i g u i n g  q u e s t io n s ;
( i )  I s  th e r e  an i n t r i n s i c  minimum v a lu e  f o r  R, 
o c c u rr in g  a t  zero  c ra c k le n g th s?
( i i )  I s  t h i s  v a lu e  zero?
( i i i )  I s  th e  phenomenon r e l a t e d  to  c ra c k le n g th  o r  
c rack  ex ten s io n ?
"To answer th e se  q u e s t io n s ,  more d e t a i l e d  in fo rm a tio n
i s  n e c e s s a ry  over and above th a t  produced in  th e  q u a s i s t a t i c  
c rac k in g  t e s t s .  A f u r t h e r  s e t  o f  experim en ts  were th e r e f o r e  
needed  to  measure th e  work o f  f r a c t u r e  (R) a t  e a r l y  s ta g e s  
o f  c rack  e x te n s io n .  Measurements would need to  h e  made over 
a s  sm all an increm ent in  crack  a re a  as  p o s s ib le .
To a s s e s s  th e  e f f e c t s  o f  c ra c k le n g th ,  r a t h e r  than  c rac k  
e x te n s io n  o f  R, th e s e  experim ents sh o u ld  be  r e p e a te d  a t  a 
range o f  d i f f e r e n t  p re n o tc h  l e n g th s .
7*2 E xperim en ta l Method
Seven specimens were machined from th e  c o r te x  o f  young 
bov ine  femora as  d e s c r ib e d ' i n  Appendix 1 . P ren o tch es  were 
cu t u s in g  a j e w e l le r s  saw (b lad e  w id th  300 /cm) and f i n i s h e d  
w ith  a r a z o r  b la d e .  T h is  was to  s im u la te ,  as c lo s e ly  a s  
p o s s i b le ,  a n a t u r a l  c rac k . P reno tch  le n g th s  ranged  from 
2 mm to  50 mm.
The m ajor o b je c t iv e  o f  the  experim ent was to  measure 
th e  response  o f  th e  m a te r ia l  a t  e a r l y  s ta g e s  o f  c ra c k  grow th . 
T h is  n e c e s s i t a t e d  th e  use o f  a more s o p h i s t i c a t e d  c ra c k ­
le n g th  measurement than  the  sim ple o p t i c a l  te ch n iq u e  u se d  in  
th e  con tinuous c rack in g  t e s t s .
A cco rd in g ly , a motor d r iv e n  35 mm camera was u se d  w i th  
th e  s h u t t e r  r e le a s e  connected  a c ro s s  th e  in p u t  to  th e  Y a x i s  
o f  th e  p l o t t e r .  Thus when th e  camera was t r i g g e r e d ,  a 
s im ultaneous  mark on th e  lo a d /e x te n s io n  p l o t  w i th  exposure  
was o b ta in e d .  The specimens were then  lo a d ed  a t  a c o n s ta n t  
r a t e  o f  1 .25 mm/min (Nominal s t r a i n  r a t e  . 00273s~x ) u n t i l  
c rack in g  was w e ll  e s t a b l i s h e d .  Exposures were ta k e n  a t  
d i s c r e t e  i n t e r v a l s  d u r in g  th e  t e s t .  In s e v e r a l  specim ens
c a ta s t r o p h ic  f r a c t u r e  d id  n o t o ccu r, and th e se  were un loaded , 
ren o tc h ed  to  w e ll  beyond th e  o r i g i n a l  c rack  t i p ,  and r e t e s t e d .  
In  o rd e r  to  examine th e  e f f e c t  o f  lo a d in g  r a t e ,  two specim ens 
were f r a c t u r e d  a t  12.5  mm/min w ith  p ren o tc h es  o f  10 mm. This 
produced a time to  f r a c t u r e  o f  about 2 s ,  which was the  u pper  
l i m i t  o f  in s t ru m e n ta t io n  o f  the r i g .  P a s t e r  lo a d in g  r a t e s  
would r e q u i r e  a low i n e r t i a  r e c o rd in g  system , such as  a 
s to ra g e  o s c i l lo s c o p e .
The exposed f i lm s  were then  deve loped , and u s in g  a 
p h o to g rap h ic  e n l a r g e r ,  th e  crack  o u t l i n e s  were t r a c e d  and  th e  
le n g th s  measured. The m a g n if ic a t io n  r a t i o  was o b ta in e d  from 
c a l i b r a t i o n  l i n e s  drawn on th e  specimen.
The r e s u l t s  were then  p ro c e sse d  a s  d e s c r ib e d  in  th e  
con tinuous  c rac k in g  t e s t s ,  u s in g  the t r i a n g l e  a re a  method o f  
e v a lu a t in g  the  work o f  f r a c t u r e .
7 «3 R e s u l ts
P ig  7»1 shows an ex p e r im en ta l  s c a t t e r  diagram o f  work 
o f  f r a c t u r e  a g a in s t  c rac k  e x te n s io n  f o r  th e  specim ens u sed .
In  s p i t e  o f  th e  c o n s id e ra b le  s c a t t e r ,  i t  i s  p o s s ib le  to  d e t e c t  
a s te a d y  in c re a s e  in  work o f  f r a c t u r e  w ith  c ra c k  e x te n s io n .
The response  a l s o  appears  to  be in  dependant o f  th e  i n i t i a l  
c ra c k le n g th .
P ig  7*2 shows th e  g rad u a l in c re a s e  in  lo a d  w ith  c rack  
e x te n s io n  to  a maximum v a lu e ,  f o r  a range o f  d i f f e r e n t  
p ren o tc h  l e n g th s .  L ines o f  c o n s ta n t  work o f  f r a c t u r e  have 
been superim posed u s in g  th e  method d e s c r ib e d  in  C h a p te r  k*
Prom t h i s  cu rve , f r a c t u r e  ap p ears  to  s t a r t  a t  a work o f  f r a c ­
tu r e  o f  around  0 .3  KJ/M^.
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Both specimens f r a c t u r e d  a t  th e  h ig h e r  lo a d in g  r a t e s  
showed an increase in  work o f  f r a c t u r e  w ith  c r a c k le n g th ,  
s im i l a r  to  th e  o th e r s ,  a l th o u g h  one specimen f r a c t u r e d  
u n s ta b ly  b e fo re  the  maximum lo a d  p o in t  was reac h ed .
7*k C rack len g th  E f f e c t s  in  O ther M a te r ia ls
( i )  M etals
A lthough f r a c t u r e  toughness o f  most m eta ls  i s  
ap p ro x im ate ly  independan t o f  c ra c k le n g th  f o r  p la n e  s t r a i n  
lo a d in g ,  t h i s  i s  n o t  t r u e  f o r  t h i n  s e c t i o n s ,  where th e  
lo a d in g  approx im ates more to  p lan e  s t r e s s .  S ince  th e re  a r e  
many e n g in e e r in g  a p p l i c a t io n s  u s in g  th in  sh e e t  m a te r i a l ,  a 
c o n s id e ra b le  amount o f  r e s e a r c h  has  been u n d e r ta k e n  to  
e s t a b l i s h  a c o n s i s t e n t  c r i t e r i o n  o f  f a i l u r e .
C onsider f i g  7*3* Under p lane  s t r a i n  c o n d i t io n s ,  
n e g l i g i b l e  crack  growth i s  observed  b e fo re  i n s t a b i l i t y ,  and 
th e  ex p e rim en ta l  s t r e s s /c r a c k le n g th  resp o n se  i s  a v e r t i c a l  
l i n e ,  ending a t  th e  c r i t i c a l  s t r e s s  i n t e n s i t y  f a c t o r ,  K^0 
For p lane  s t r e s s  b eh a v io u r ,  however, f i n a l  i n s t a b i l i t y  i s  
p receded  by a non n e g l i g i b l e  amount o f  slow s t a b le  c ra c k  
growth, i n i t i a t i n g  a t  K^, and  ending  w ith  i n s t a b i l i t y  a t  
Kc (3 6 ) .
A unique v a lu e  o f  f r a c t u r e  toughness  i s  co n seq u en tly  
o f  l i t t l e  v a lu e ,  p a r t i c u l a r l y  s in c e  the  v a lu e  o f  Kc i s  a l s o  
dependant on th e  i n i t i a l  c ra c k le n g th  ( 3 6 ) .  The te c h n iq u e  
u sed  to  i n v e s t i g a t e  t h i s  i s  known as  the  R curve method, and  
i s  u s u a l ly  a t t r i b u t e d  to  K r a f f t  e t  a l  (53)* They p o s t u l a t e d  
t h a t ,  f o r  a g iven  m a te r ia l  and th ic k n e s s  th e re  i s  a un ique
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r e l a t i o n s h i p  between crack  growth and the  s t r e s s  i n t e n s i t y  
f a c t o r .  They a l s o  su g g es ted  t h a t  i n s t a b i l i t y  cou ld  be 
p r e d ic te d  th rough  c o n s t ru c t io n  o f  th e  diagram shown in  f i g  l .h *
The v a r i a t i o n  in  f r a c t u r e  toughness  (o r  work o f  f r a c t u r e ,  
a s  i s  more u s u a l ly  o b ta in ed )  w ith  c rack  e x te n s io n  i s  measured 
and p l o t t e d  as  shown. I t  i s  found  t h a t  th e  curve i s  
independen t o f  p re n o tc h  le n g th .  For an  i n f i n i t e  c e n t r e  
c racked  p a n e l ,  the  S t r a i n  Energy r e l e a s e  r a t e  G, i s  g iven  
by ;
G= TT
E
(See h i ,  P 108)
L ines  o f  c o n s ta n t  s t r e s s  can t h e r e f o r e  be  drawn a s  
shown.
For f i n i t e  s h e e t s ,  end e f f e c t s  w i l l  produce an upward 
curve a s  th e  c ra c k le n g th  i n c r e a s e s .  Broek ( 3 8 ) has  compared 
th e  s t r a i n  energy r e l e a s e  r a t e  (G) w i th  th e  work o f  f r a c t u r e  
(R) to  p ro v id e  th e  c r i t e r i a ;
G <  R The energy r e l e a s e  r a t e  i s  l e s s  th a n  th e  
c rack  r e s i s t a n c e ,  and no c rack  growth can tak e  p la c e .
G = R The energy r e l e a s e  r a t e  i s  eq u a l to  th e  c ra c k  
r e s i s t a n c e ,  and  c rac k in g  b e g in s .
G y  R The energy r e l e a s e  r a t e  i s  g r e a t e r  than  c rack  
r e s i s t a n c e ,  and c rac k in g  becomes u n s ta b le .
I n i t i a l l y ,  c rack  growth i s  s t a b l e ,  and th e  development 
o f  th e  crack  fo l lo w s  th e  R curve from th e  o r i g i n .  D uring 
t h i s  s ta g e ,  G = R. This  r e q u i r e s  an in c r e a s in g  v a lu e  o f  th e  
a p p l ie d  s t r e s s ,  a s  may be seen in  f i g  7*4* P o in ts  o f  
i n t e r s e c t i o n  o f  the  G and R cu rves  r e p r e s e n t  th e  s t a b l e  c ra c k
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le n g th s  f o r  a g iven  v a lu e  o f  a p p l ie d  s t r e s s  ( CT ) .
When th e  G(oujCr) curve i s  r a i s e d  s u f f i c i e n t l y  to  he come 
ta n g e n t  to  R, u n s ta b le  c ra c k  e x te n s io n  occu rs  w ith o u t f u r t h e r  
in c re a s e  in  the  a p p l ie d  s t r e s s .
The c o n d i t io n  f o r  i n s t a b i l i t y  i s
GCat ^ )  = RCaO 
and ^ 6  _ ^ R
'ba. ” bcL
where (Xt  and OZ a r e  the  c r i t i c a l  crack  le n g th s  and s t r e s s e s  
to  cause i n s t a b i l i t y .
Note t h a t  th e  p o in t  o f  i n s t a b i l i t y  and th e  e x t e n t  o f  
s t a b l e  c ra c k in g  i s  a f f e c t e d  by th e  p re n o tc h  le n g th .
The R curve i s  u s u a l ly  o b ta in e d  u s in g  as  s t i f f  a system  
as  p o s s ib le .  A good example o f  t h i s  i s  th e  wedge opening  
lo a d in g  (W.O.L.) specimen, where a t a p e r  g r a d u a l ly  f o r c e s  
open th e  c rack  f a c e s  (98, 99, 100). This p re v e n ts  i n s t a b i l i t y  
and th e  R curve can b e  drawn over l a r g e  crack  e x te n s io n s .
The l i n e s  o f  c o n s ta n t  s t r e s s  must r e l a t e  to  th e  s t r u c t u r a l  
c o n f ig u ra t io n  o r  a p p l i c a t i o n ,  and a re  c a l c u l a t e d  from continuum 
th e o ry  o r  measured from cpmpliancy t e s t s .
Whether o r  n o t  the  method i s  s t r i c t l y  j u s t i f i e d  has n o t  
y e t  been e s t a b l i s h e d ,  and c e r t a i n  o b je c t io n s  to  th e  tangency  
c o n s t ru c t io n  have been made by L iebow itz  and E f t i s  (4U)* 
N e v e r th e le s s ,  th e  g e n e ra l  approach has y ie ld e d  a l a r g e  
q u a n t i ty  o f  u s e f u l  in fo rm a tio n  (9 8 ) .
The R curve r e p r e s e n ts  the  energy  r e q u i r e d  f o r  c r a c k -  
growth. In a d u c t i l e  m a te r ia l  t h i s  i s  th e  work f o r  fo rm a tio n  
o f  a new p l a s t i c  zone a t  th e  t i p  o f  an  advancing  c ra c k  p lu s  
th e  work f o r  th e  i n i t i a t i o n ,  growth and co a le sc e n c e  o f
m icrovo ids . D u c t i l i t y  e f f e c t s  g e n e ra l ly  consume two o r  
th r e e  o rd e rs  o f  magnitude o f  su r fa ce  energy  re q u ire m e n ts ,  
and th e  R curve can he assumed to  r e p r e s e n t  the  e x te n t  o f  
p l a s t i c i t y  a t  th e  c ra c k  t i p .  As t h i s  i s  dependant on th e  
s t a t e  o f  s t r e s s ,  the  R curve must s t a r t  from zero  (no 
p l a s t i c i t y  a t  zero  s t r e s s ) .
Since the  s t a t e  o f  s t r e s s  a t  th e  n o tc h  t i p  i s  i n i t i a l l y  
n o t  s u f f i c i e n t  to .c a u s e  c rack  grow th , no o b se rv a b le  e x te n s io n  
ta k e s  p la ce  u n t i l  R has reach ed  some s p e c i f i c  v a lu e .  This 
no rm ally  occurs  as  a sudden m e ta s ta b le  increm ent o f te n  c a l l e d  
*p o p - in f . C rack growth th en  p roceeds  sm oothly up th e  R 
curve to  f a s t  f r a c t u r e  a t  i n s t a b i l i t y .
( i i )  F ib re  r e in f o r c e d  m a te r ia l s
Exam ination o f  th e  p o s s ib le  f r a c t u r e  mechanisms in  
th e se  m a te r i a l s ,  p r e v io u s ly  d is c u s se d  in  C hap ter  3 , su g g e s ts  
t h a t  a c rack  le n g th  o r  c ra c k  e x te n s io n  dependance on th e  work 
o f  f r a c t u r e  i s  p ro b ab le .
F or th e  purposes  o f  t h i s  s e c t i o n ,  c o n s id e r  th e  case  o f  
an i n i t i a t i n g  c rack  moving p e rp e n d ic u la r  to  th e  f i b r e  a x i s .  
S ev e ra l  mechanisms may be e f f e c t e d ;
(a )  Complete homogeneous f r a c t u r e  o f  m a tr ix  and f i b r e .
T h is  w i l l  occur w ith  h ig h  i n t e r f a c i a l  s t r e n g t h  and 
norm ally  r e s u l t s  in  a low to u g h n ess . I f  b o th  f i b r e  and  
m a tr ix  a r e  p e r f e c t l y  e l a s t i c ,  th e  com posite behaves a s  an 
a n i s o t r o p ic  G -r i f f i th - ty p e  g la s s  (w ith  on ly  s u r fa c e  energy  
c o n t r ib u t io n s  to  th e  work o f  f r a c t u r e ) ,  and no in f lu e n c e  o f  
c rack  le n g th  o r  e x ten s io n  can be expec ted . Any d u c t i l i t y  in  
e i t h e r  phase w i l l  form a p l a s t i c  zone a t  th e  c ra c k  t i p ,  and
th e  r e s u l t i n g  b eh av io u r  w i l l  be s im i la r  to  a m e ta l .
(b) F ib re  debonding
When th e  i n t e r f a c i a l  s t r a i n s  become e x c e s s iv e ,  th e  bond 
between f i b r e  and  m a tr ix  may f a i l  ( in  a b r i t t l e  system) 
e i t h e r  j u s t  b e fo re  th e  c rack  t i p  reach es  th e  i n t e r f a c e  
(Cook-Gordon), o r . j u s t  a f t e r  (O u tw a te r-C arn es ) . A lthough 
a d e t a i l e d  c r i t e r i o n  f o r  th e se  mechanisms i s  n o t  known, i t  
i s  l i k e l y  t h a t  the degree o f  debonding w i l l  depend on th e  
n e a r - t i p  s t r a i n s  and hence the  d is ta n c e  from th e  crack t i p .  
As th e  crack  advances, a re g io n  o f  debonded f i b r e s  b u i ld s  up 
around th e  c rack  t i p .  The c o n t r ib u t io n  o f  t h i s  mechanism to  
th e  t o t a l  work o f  f r a c t u r e  o f  the  com posite w i l l  t h e r e f o r e  
in c re a s e  w ith  c rack  e x te n s io n  u n t i l  th e  f i b r e  i s  co m p le te ly  
debonded.
Debonding can o f te n  be seen  as a sudden change in  
r e f r a c t i v e  in dex ; a debonded f i b r e  in  a t r a n s p a r e n t  m a tr ix  
goes g la s s y ,  and w orkers have u sed  t h i s  to  s tu d y  th e  e x t e n t  
o f  debonding in  f i b r e  com posites .
Gaggar and Broutman (1 0 1 ) ,  u s in g  randomly o r i e n t e d  
g la s s  f i b r e  r e s i n  S.E.N. specimens measured th e  s i z e  o f  th e  
debonded re g io n  (o r  * damage zone*) a t  th e  n o tc h  t i p ,  w ith  
in c re a s in g  lo a d ,  They found t h a t  the  s iz e  o f  th e  zone c o u ld  
be rea so n ab ly  e s t im a te d  u s in g  I rw in s  p l a s t i c  zone form ula  
f o r  p lane  s t r a i n ;
where K i s  th e  s t r e s s  i n t e n s i t y  f a c t o r  and Ol th e  
* debonding* s t r e s s .  This  was o b ta in e d  from u n i a x i a l  t e s t s ,  
and assumed to  be  th e  s t r e s s  a t  which a change in  r e f r a c t i v e
index  cou ld  f i r s t  be observed  (abou t 30%. o f  the  UTS 
o f  the  specim en).
This was a l s o  c o r ro b o ra te d  by Mandell e t  a l  (1 0 2 ), 
u s in g  g r a p h i te  epoxy la m in a te s ,  who found t h a t  th e  e x te n t  o f  
th e  damage zone i s  p r o p o r t i o n a l , t o  the  square  o f  th e  s t r e s s  
i n t e n s i t y  f a c t o r  (a s  p r e d ic te d  by continuum th e o r y ) .  They 
a l s o  n o te d  t h a t ,  f o r  n o tc h  i n s e n s i t i v e  la m in a te s ,  the  zone 
reac h es  a c r i t i c a l  s ta g e  where i t  r a p id ly  sp read s  a c ro s s  th e  
specimen j u s t  b e fo re  c a ta s t r o p h ic  f r a c t u r e .
(c )  F ib re  p u l lo u t .
Once debonding has  taken  p l a c e ,  a f u r t h e r  in c r e a s e  in  
c rack  opening d isp lacem en t w i l l  e i t h e r  f r a c t u r e  th e  f i b r e ,  
o r  e x t r a c t  i t  from th e  m a tr ix ,  r e s i s t e d  by f r i c t i o n  ( b r i t t l e  
m a tr ix  o n ly ) .  C le a r ly ,  t h i s  mechanism i s  s t r o n g ly  dependant 
on th e  c rack  opening d isp lace m en t ,  and an i d e n t i c a l  argument 
r e l a t i n g  crack  e x te n s io n  and p u l lo u t  work fo l lo w s  from ( b ) .
A h y p o th e t ic a l  q u a s i s t a t i c  t e s t  o f  th e  example su g g e s te d  
e a r l i e r  would p re s e n t  an R vs c ra c k le n g th  re sp o n se  shown 
in  f i g  7*5. Rmin r e p r e s e n t s  th e  work o f  f r a c t u r e  o f  th e  
m a tr ix  a lo n e  in  th e  e x p e r im en ta l  c o n d i t io n s .  As c rac k  
e x te n s io n  in c r e a s e s ,  so does the  p u l lo u t  and debonding 
c o n t r ib u t io n .  At some p o i n t ,  however, th e  d isp lacem en t 
between the  c rack  f a c e s  becomes s u f f i c i e n t  to  e i t h e r  f r a c t u r e  
th e  f i b r e s  o r  withdraw them com ple te ly  from th e  m a tr ix ,  and 
the  R v a lu e  then  e x t r a p o la t e s  to  a c o n s ta n t  v a lu e .
This g e n e ra l  t r e n d  in  f r a c t u r e  toughness w i th  c rack  
e x te n s io n  f o r  a g la s s  r e in f o r c e d  p l a s t i c  was o b ta in e d  by 
H a r r is  e t  a l  (1 0 3 ). Gaggar and Broutman (101+) a l s o  o b se rv ed  
t h a t ,  " s u b s t a n t i a l  slow crack  growth occurs  n e a r  th e  c rack
t i p  in  (random f i b r e  p o ly e s t e r  co m p o s ite s )" ,  and a p p l ie d  th e  
R curve method developed f o r  m e ta l s .  Using a l i n e a r  e l a s t i c  
form ula  f o r  th e  d e r iv a t io n  o f  a s t r e s s  i n t e n s i t y  f a c t o r  and 
s in g le  edge n o tch ed  specim ens, th ey  observed  t h a t  f r a c t u r e  
toughness in c re a s e d  w ith  c rack  e x te n s io n ,  was p ro b ab ly  
independan t o f  i n i t i a l  c ra c k le n g th ,  and th a t  i n s t a b i l i t y  could  
be p r e d ic te d  u s in g  the  ta n g e n t  te c h n iq u e .
Some ex p e r im en ta l  te c h n iq u e s  do n o t  p e rm it  a f r a c t u r e  
toughness  o r  work o f  f r a c t u r e  v e r s u s  c ra c k le n g th  measurement. 
However, i t  i s  sometimes re a so n a b le  to  assume t h a t  a c ra c k ­
le n g th  dependency may e x i s t .  Thus Beaumont and P h i l l i p s  (105) 
measured th e  work o f  f r a c t u r e  by i n t e g r a t i n g  th e  l o a d /  
d e f l e c t io n  response  o b ta in e d  in  a n o tc h ed , th r e e  p o in t  
bending  t e s t .  The -mode o f  f r a c t u r e  in  th e s e  t e s t s  ( a t  l e a s t  
f o r  f i b r e  r e in f o r c e d  m a te r i a l s )  i s  c h a r a c te r i z e d  by an i n i t i a l  
u n s ta b le  inc rem en t in  c rac k  growth. The energy  ab so rb e d  
du ring  t h i s  p ro c e s s  i s  c a l l e d  th e  f r a c t u r e  energy  o f  
i n i t i a t i o n  (&£")•
I t  was found t h a t ,  in  g e n e ra l  & i s  l e s s  th a n  the  
subsequent work o f  f r a c t u r e .  A lthough Beaumont and P h i l l i p s  
(103) do n o t  su g g es t  i t ,  a re a so n a b le  in f e r e n c e  i s  t h a t  t h i s  
i s  a c rack  e x te n s io n  e f f e c t .  In s ta n ta n e o u s  measurements ( i f  
th ey  were p o s s ib le )  would show t h a t  the  work o f  f r a c t u r e  
in c r e a s e s  from a minimum v a lu e  (VO w ith  c rack  e x te n s io n .
Where th e  c rack  o r i e n t a t i o n  to  th e  f i b r e  a x i s  i s  a t  
a n g le s  o th e r  than  90° , th e  s i t u a t i o n  becomes more complex as 
has been d isc u sse d  in  C hap ter  3* A s im i l a r  a rgum ent, however, 
can be used  to  su g g es t  t h a t  a c rack  e x te n s io n  e f f e c t  i s  l i k e l y .
( i i i )  O ther m a te r ia l s
A crack  e x te n s io n  e f f e c t  has "been n o te d  f o r  r e l a t i v e l y  
b r i t t l e  t i t a n iu m  a l lo y s  under p lane  s t r a i n  lo a d in g  (1 0 6 ) .
The lo c a l  f r a c t u r e  toughness v a lu e s  were ob se rv ed  to double
—* /2  ,  - * / 2  from 35 MNm to  76 Mm over a crack  e x te n s io n  o f
only  130 j x m, t h e r e a f t e r  rem ain ing  c o n s ta n t .
A s im i l a r  in c re a s e  was reco rd e d  on p o l y c r y s t a l l i n e  
alum ina (1 0 7 ), a l th o u g h  1 mm o f  c ra c k  e x te n s io n  was r e q u i r e d  
b e fo re  the  f r a c t u r e  toughness became independan t o f  c ra c k  
e x te n s io n .  The in c r e a s in g  toughness  in  t h i s  b r i t t l e  m a te r i a l  
was a t t r i b u t e d  to  c rack  b ran ch in g  and f r i c t i o n  r e s i s t a n c e  
between th e  c rack  f a c e s  due to  a n g u la r  development o f  th e  
c rack  f r o n t .
F i n a l l y ,  slow s t a b l e  c rack  growth b e fo re  i n s t a b i l i t y  
has been observed  in  v a r io u s  types  o f  wood. Wu (108) n o te d  
t h i s  on mixed mode deadweight lo a d in g  t e s t s  on b a l s a .  A 
- s i m i l a r  response  was a l s o  r e p o r te d  f o r  double edge n o tc h e d  
specimens o f  Douglas F i r  (109)* Indeed , i t  appears  t h a t  
f a s t  f r a c t u r e  i s  p receeded  by slow s t a b l e  c rac k  growth in  
most ty p e s  o f  wood, b o th  a lo n g  and a c ro s s  th e  g ra in  (110 -  
113).
7 .5  Cracklength and Bone F ra c tu re
Close exam ina tion  o f  th e  f r a c t u r e  p ro c e s s  d u r in g  th e  
t e s t  showed t h a t  c rac k  ex te n s io n  o c c u rre d  in  in c re m en ts  and  
on s e v e ra l  d i f f e r e n t  p la n e s  a t  the  same t im e . For l o n g i t ­
u d in a l  c ra c k s ,  th e r e  w i l l  always be numerous i n t e r f i b r i l l a r  
i n t e r f a c e s  i n c l i n e d  a t  sm all a n g le s  to  th e  c rac k  p la n e  and 
c lo se  to  th e  c rack  t i p .  S ince th e se  a r e  r e l a t i v e l y  weak,
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th e  c rack  w i l l  te n d  to  he d iv e r te d  down the  i n t e r f a c e s  r a t h e r  
than  f r a c t u r i n g  th e  f i b r e s  in  i t s  o r i g i n a l  p la n e .  At some 
p o in t  down th e  i n t e r f a c e ,  however, th e  s t r e s s  w i l l  f a l l  below 
t h a t  r e q u i r e d  to  ex tend  the  c ra c k ,  v/hich w i l l  th e n  be 
a r r e s t e d  ( f i g  7 . 1 3 ) .
The r e s u l t i n g  c rack  p ro f i l e ,  i s  th e r e f o r e  d is c o n t in u o u s ,  
w ith  m a te r ia l  spanning th e  two c rack  f a c e s .  T h is  can be  
seen in  f i g  7 *6 , showing a p a r t l y  un loaded  c racked  specim en.
As th e  c rack  opening d isp lacem en t i n c r e a s e s ,  th e  b r id g in g  
m a te r ia l  w i l l  f a i l  in  bend ing , p u l lo u t  o r  s h e a r  ( f i g  1*1)*
With com plete f a i l u r e ,  the  i n t e r f a c i a l  c racks  c o a le s c e ,  and 
th e  c rack  f a c e s  become co n tin u o u s .
To a n a ly se  t h i s  com plica ted  p ro c e s s ,  i t  i s  su g g e s te d  
t h a t  the  f r a c t u r e  i s  d iv id e d  in to  k re g io n s  o f  in c r e a s in g  
crack  e x te n s io n .  This  i s  shown d ia g ra m m atica l ly  in  f i g  1*Q* 
Region I  covers  th e  f i r s t  m i l l im e te r  o f  c rack  e x te n s io n .  
From o b se rv a t io n s  d u r in g  th e  t e s t ,  i t  was c h a r a c t e r i s e d  by a 
sm all opaque zone develop ing  ahead  o f  th e  n o tc h  t i p ,  f i r s t  
v i s i b l e  a t  abou t h a l f  the  maximum s u s ta in e d  lo a d .  I t  
ap p ea rs  t h a t  v e ry  l i t t l e  energy i s  abso rbed  d u r in g  the  
p ro c e s s ;  s i x  o f  th e  specim ens abso rbed  no energy  a t  a l l .
I t  i s  i n t e r e s t i n g  to  n o te  t h a t  th e  maximum v a lu e  o f  
c rack  e x te n s io n  (a round  1 mm) b e fo re  a p p re c ia b le  energy  
a b s o rp t io n  c o in c id e s  w ith  the mean o v e re s t im a te  o f  th e  
c ra c k le n g th  measurement (1 .15  mm : see C hap ter  5)*
This su g g e s ts  t h a t  th e  a p p a re n t  in c re a s e  in  c r a c k le n g th  
in  th e  reg io n  i s  n o t  a t r u e  form o f  f r a c t u r e ,  b u t  may be a 
debonding mechanism, s im i l a r  to  t h a t  obse rved  in  m an u fac tu red  
f i b r e  r e in f o r c e d  com posites by , e . g . ,  G-aggar and Broutman (1 0 1 ) .
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Unlike com posites , however, the  mechanism i s  r e v e r s i b l e  in  
th e  sense  th a t  th e  zone d isa p p ea rs  on u n lo a d in g .  This f u r t h e r  
su g g e s ts  t h a t  v e ry  l i t t l e  i r r e v e r s i b l e  energy would be abso rbed  
d u rin g  th e  development o f  the  zone.
P re d ic t io n s  o f  th e  zone s iz e  u s in g ,  f o r  example th e  
L.E.F.M. eq u a tio n  (3*12)
^ _ J_  EE
rP ~  2TT Oy2-
(where, in  t h i s  case rp  i s  i d e n t i c a l  to  c rac k  e x te n s io n  
up to  1 mm), i s  n o t  a c c u r a te .  Using approxim ate f i g u r e s  f o r
th e  t r a n s v e r s e  s t r e n g th s  and s t i f f n e s s e s  o f  bone
U -2  E = 10 Nmm
Gj” = 50 Nmm ^
A * debonded* zone o f  r a d iu s  1 mm would be e s t a b l i s h e d  a t  a
-2work o f  f r a c t u r e  o f  around 1 .5  KJm . This i s  so f a r  removed 
from th e  o b s e rv a t io n s  reco rd ed  in  f i g  7^1 t h a t  th e  a n a ly s i s  
cannot be p h y s ic a l ly  r e l e v a n t . .
An o rd e r  o f  magnitude e s t im a te  o f  th e  debonding energy  
may be e s t im a te d  u s in g  K e l ly 1 s e x p re s s io n  f o r  th e  r a t i o  o f  
work due to  p u l lo u t  to  t h a t  o f  debonding (63)
i . e .  work o f  p u l lo u t  = 3  E ft
work o f  debonding <j j
which, u s in g  th e  above v a lu e s  = 600
I f  th e  assum ption  i s  made t h a t  th e  work o f  f r a c t u r e ,  a s  
measured in  th e  q u a s i s t a t i c  t e s t s ,  r e l a t e s  to  p u l l o u t ,  th e n
d e - b o v A o l i i A C J  ” ”  S ------------3  &oc> 
which, u s in g  approxim ate f ig u r e s
This i s  a more r e a l i s t i c  e s t im a te  o f  th e  energy ab so rb ed
in  reg io n  I .  A lthough p u l l  ou t f r a c t u r e  was no t o b se rv ed
d uring  lo n g i t u d in a l  c ra c k  e x te n s io n ,  K e l ly 1s form ula ( 6 3 )
i s  b ased  on th e  assum ption  t h a t  debonding energy  i s  ab so rb ed
by the r e d i s t r i b u t i o n  o f  s t r a i n  energy  in  th e  f i b r e ,  w h i l s t
p u l l  o u t work i s  abso rbed  by th e  d isp lacem en t o f  a t e n s i l e
s t r e s s  in  th e  f i b r e ,
A g e n e ra l  argument on th e s e  l i n e s  co u ld  b e  a p p l ie d
h e r e ,  i f  i t  i s  assumed t h a t  r e s i s t a n c e  to f r a c t u r e  i s  p ro v id e d
by a t e n s i l e  fo rc e  norm al to  th e  c rack  f a c e .  W ith c ra c k
e x te n s io n  t h i s  fo rc e  i s  d i s p la c e d  by th e  opening  o f  th e  c ra c k .
I t  i s  su g g e s te d  t h a t  t h i s  p r i n c i p l e  causes  th e  in c r e a s e
in  R w ith  c rack  e x te n s io n  as  observed  in  Region I I
(1 mm a 5 mm) •
C onsider  f i g  7*9. The crack  i s  m odelled a s  two p la n e s
i n c l i n e d  a t  an ang le  2 0  to  each o th e r .  The r e s i s t a n c e  o f
the  b r id g in g  m a te r ia l  i s  assumed to  be r e p r e s e n te d  by  a
/
c o n s ta n t  s t r e s s  (X over  t h e  c ra c k le n g th  a .
With c ra c k  ex te n s io n  da, th e  r e s t r a i n i n g  s t r e s s  does 
work eq u a l to
Z cT da-tx^O .a.. t  
o r ,  f o r  u n i t  c rack  a re a  ( a t )
2 <r da.+Atf<9 = ol R , soy . . .  7 . 1
For c o n s ta n t  & , t h i s  d em onstra te s  t h a t  R w i l l  i n c r e a s e  
l i n e a r l y  w ith  c rack  e x te n s io n ,  w i th  g r a d ie n t  2.-to*\<9<y/
A cc o rd in g ly , th e  r e s u l t s  f o r  1 mm (  a <( 5 mm were u se d  
to  c a l c u l a t e  a l i n e  o f  r e g r e s s io n  o f  R on a ( f i g  7*10).
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The l e a s t  s q u a re s ,  "best f i t  l i n e  was c a l c u l a t e d  as
R = 0 .346a -  0.328 w ith  a in  mm, R in  KJm~2
(o r  N/mm)
Note t h a t ,  a t  R = 0, a = 0 .95  mm. T h is f u r t h e r  su g g e s ts  
a change in  mechanism a t  a = 1 mm, s in ce  R cannot he n e g a t iv e .  
Q  , th e  ang le  between th e  c rack  p la n e s  may he e s t im a te d  from 
the  e x te n s io n  o f  th e  c ro ssh e ad  ( li ) and the  c ra c k le n g th  ( a ) ,  
where ta n  & = . A  p lo t  o f  u/a. v e r s u s  a i s  shown in
f i g  7*11. The mean v a lu e  o f  tan ©  =£= 0 .025 . Note t h a t
ta n ©  te n d s  to  in c re a s e  w ith  c ra c k le n g th .  This  i s  b ecause  
th e  above model n e g le c t s  c u rv a tu re  in  th e  specimen arms, due 
to  bend ing  s t r e s s e s .
For the  purpose o f  t h i s  model, and g iven  th e  e x p e r im e n ta l  
s c a t t e r  shown in  f i g  7.1> t h i s  e f f e c t  w i l l  be ig n o re d .
Thus, dR _ 2 .CT+dM© 
dA
o r ,
0.346 N/mm2 = 2 x .025 CT 
o r  <J~ •=£=• 7  Nwm"2,
w ith  5% con fidence  l i m i t s ,  u s in g  S tu d e n t’ s t  t e s t  (114)
3 ^ 0 “ <  11 N/wwt**
This v a lu e ,  a l th o u g h  much low er th an  th e  t r a n s v e r s e  t e n s i l e  
s t r e n g th  (o f  o rd e r  50 N/mm ) i s  re a so n ab le  when the  o r i e n t a t i o n  
o f  th e  b r id g in g  element; i s  taken  in to  acco u n t.  These a re  
in c l i n e d  a t  ac u te  an g le s  to  th e  c rac k  so t h a t ,  w i th  c rack  
e x te n s io n ,  th e  component o f  s t r e s s  r e s i s t i n g  c rack  opening
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i s  v e ry  sm a ll .
Once the  c rack  has ex tended  5 mm o r  so , th e  d isp lacem en t 
between the  c rack  fa c e s  has in c re a s e d  to  th e  p o in t  a t  which 
th e  b r id g in g  e lem ents b e g in  to  f a i l ,  and c o n seq u en t ly  o f f e r  
l e s s  r e s i s t a n c e  to c ra c k in g .  This i s  re g io n  I I I ,  where the  
in c re a s e  in  work o f  f r a c t u r e  s t a r t s  to  d e c l in e  u n t i l ,  in  
reg io n  IV, i t  has become independan t o f  c rack  l e n g th  a l t o g e t h e r .
I t  rem ains to  be seen  w hether o r  n o t t h i s  mechanism has 
any s ig n i f i c a n c e  f o r  " in - v iv o *' f r a c t u r e .  However, a c o r o l l a r y  
o f  in c re a s in g  R w ith  c rack  growth i s  much b e t t e r  c rack  
s t a b i l i t y .  The f i r s t  term  in  e x p re s s io n  ij..8 d em o n s tra te s  
t h i s ,  i . e .  s t a b i l i t y  i s  improved w ith  in c r e a s in g
- L  d £
^  d A  where A i s  the  c rack  a r e a .
A lso , f o r  most specim ens, and p robab ly  f o r  whole b o n e s ,
dC-gj- in c re a s e s  w ith  c rac k  e x te n s io n .  I f  s t a b le  c rack  grow th 
i s  observed  b e fo re  i n s t a b i l i t y  and under  a r i s i n g  lo a d ,  
e x p re s s io n  3*8 shows t h a t  R must a l s o  be i n c r e a s in g .
On s im p le , unnotched  k p o in t  bend ing  t e s t s ,  Sweeney (115) 
n o te d  t h a t  c rack s  were f i r s t  i n i t i a t e d  a t  60fo o f  th e  f i n a l  
lo a d .  By in f e r e n c e ,  t h i s  means t h a t  th e  rem ain ing  k-0% lo a d  
was a re g io n  o f  slow, s t a b l e  c rack  growth and in c r e a s in g  R. 
W right and Hayes (7 6 ) ,  u s in g  compact te n s io n  specimens 
rec o rd ed  a s i g n i f i c a n t  amount o f  slow s t a b l e  c ra c k in g  b e f o r e  
i n s t a b i l i t y .
B o n f ie ld  and D a tta  (75) r e p o r te d  t h a t  no crack  grow th  
took p la ce  b e fo re  i n s t a b i l i t y .  However, t h i s  was m ainly  b a s e d  
on the  lo a d  e x te n s io n  response  b e in g  l i n e a r  up to  th e  i n s t a b ­
i l i t y  p o in t  u s in g  s in g le  edge n o tch ed  specim ens. As d is c u s s e d
in  5 . 2 ,  th e se  a re  v e r y  i n s e n s i t i v e  to  changes in  com pliance 
and hence c rack  e x te n s io n ,  e s p e c i a l l y  when th e  c ra c k le n g th  
i s  sm a ll .
Whole hones te n d  to  b re a k  sudden ly . Pope and O utw ater (72) 
reco rd ed  a v e ry  d isc o n tin u o u s  lo a d /e x te n s io n  curve on whole 
bones lo ad ed  in  bend ing , w i th  increm en ts  o f  f a s t ,  u n s ta b le  
c ra c k in g  fo llo w ed  by  c rack  a r r e s t .  This i n d i c a t e s  t h a t ,  i f  
slow s t a b le  c rack  growth does o cc u r ,  i t  i s  u n l i k e l y  to  l a s t  
f o r  more than  a few m il l im e te r s  o f  c rac k  e x te n s io n .  Thus, i t  
would be ex p e c te d  t h a t  i n s t a b i l i t y  " in - v iv o ’1, would occur in  
reg io n  I I  o f  f i g  7.9*
A f t e r  i n s t a b i l i t y ,  th e  f r a c t u r e  m echanism  c h a n g e s  t o
l e a v e  r e l a t i v e l y  sm ooth f r a c t u r e  s u r f a c e s .  S in c e  t h e r e  i s
no b r id g in g  m a te r i a l ,  r e s i s t a n c e  to  f r a c t u r e  w i l l  d ec re ase  
dPs h a rp ly .  ^  th e r e f o r e  suddenly  becomes n e g a t iv e ,  and c rack  
s t a b i l i t y  w i l l  a l s o  d e c re a se .
F i n a l l y ,  a l th o u g h  a t te m p ts  were made to  model th e  n o tc h  
as  c lo s e ly  as  p o s s ib le  to  a r e a l  c ra c k ,  p ro x im ity  e f f e c t s  o f  
th e  n o tc h  t i p  on th e  c ra c k in g  curve ( f i g  7 .1 )  may have been  
s i g n i f i c a n t .  This would be e s p e c i a l l y  so a t  th e  e a r l y  s ta g e s  
o f  c ra c k  growth. A c r o s s - s e c t io n  th rough  a t y p i c a l  n o tc h  t i p  
i s  shown in  f i g  7*12. The f i n a l  r a d iu s  was formed w ith  a 
r a z o r  b la d e .  Note t h a t  some form o f  r e l a x a t io n  has o c c u r re d  
which in c re a s e d  the t i p  r a d iu s ,  th e re b y  red u c in g  th e  nom inal 
s t r e s s  c o n c e n tr a t io n  f a c t o r .  The t i p  has r e la x e d  th ro u g h  
no lo a d in g  o th e r  than  t h a t  produced by push ing  th e  r a z o r  b la d e  
in to  th e  n o tc h .
U n s t a i n e d
i-----------------------1
Fig 7.12 0.5mm
I n i t i a t i n g  L o n g i t u d i n a l  Cr ack
S t a i n e d  wi t h  M e t h y l e n e  B l u e
Fig 7.13
t »
0.5mm
CHAPTER 8
Work of Fracture and Crack V e lo c i ty
8*1 E xperim en ta l R e s u l ts
V alues o f  work o f  f r a c t u r e  and  crack  v e l o c i t y  were 
o b ta in e d  f o r  specimens o f  bov ine  fem ora l c o r te x ,  a s  d e s c r ib e d  
in  C hap ter  6 . R e s u l ts  o b ta in e d  a t  c ra c k  le n g th s  u n d er  10 mm 
were ig n o red , and  R cou ld  be assumed to  be ind ep en d an t o f  
c rac k  le n g th .  35 specimens were t e s t e d ,  y i e ld in g  132 p a i r s  
o f  d a ta  p o in t s .
Work o f  f r a c t u r e  was c o r r e l a t e d  w ith  c rack  v e l o c i t y ,  
f i r s t l y  d i r e c t l y ,  and second ly  a f t e r  c o n v e r t in g  to  log . va lues*  
The two c o r r e l a t i o n  c o e f f i c i e n t s  ( r )  were;
(a)  D ir e c t  c o r r e l a t i o n  r  = 0.1+25
(b) Logarithm  c o r r e l a t i o n  r  = 0.1+56
Both v a lu e s  were s i g n i f i c a n t  to  1% o r  b e t t e r  (116, p . 231 ) . 
Using th e  lo g  v a lu e s ,  a l i n e  o f  r e g re s s io n  was o b ta in e d  
by m in im ising  the  sum o f  th e  sq u a re s  abou t th e  l i n e .  The 
e q u a tio n  f o r  th e  b e s t  f i t  was found to  b e ;
where j.
LegR »  0*152. Log d ,  +  0 * 3 £ > (  R u a  Ic ZTkvC ^ O u  ' u a  /vtwvS )
Confidence l i m i t s  were s e t  a s  fo l lo w s ;
(a)  For th e  g r a d ie n t
1
5?c l i m i t s  = 0.152 + (V ariance o f  g r a d i e n t ) 2 x
where th e  v a r ia n c e
o f  th e  g r a d ie n t  = sum o f  the  squares  abou t f i t t e d  l i n e
v a r ia n c e  o f  a b s c i s s a
(116, p . 237 ),
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and t  = 1 .98 = the  v a lu e  o f  S tu d e n t1s t  a t  .05 l e v e l ,•0 5 , 130
w ith  130 deg rees  o f  freedom (116, p . 9 9 ) . 
g r a d ie n t  m = 0.152 — .052
(b) For th e  mean v a lu e  o f  R
lo g  R = lo g  R — t- nc. T-2r,\X (sum o f  th e  sq u a res  abou t th e  
-  \ .0 5 ,  130)  f i t t e d  l i n e ) g
130
lo g  R = 0.234- -  .272
These r e s u l t s  can "be seen  in  f i g  8 .1 .
In 3 specim ens, f a s t  f r a c t u r e  was succeeded "by c rack
a r r e s t .  The energy d i s s i p a t e d  d u r in g  t h i s  p ro c e s s  c o u ld  th u s
g ive  an in d i c a t io n  o f  th e  work o f  ’ c a ta s t r o p h i c  f r a c t u r e * .
—2These v a lu e s  w ere; O.3 6 , O.i+3 and 0.5^+ KJm • I t  was 
u n f o r tu n a te ly  im p o ss ib le  to  e s t im a te  e q u iv a le n t  mean c rack  
v e l o c i t i e s ,  beyond th e  f a c t  t h a t  they  were o b v io u s ly  many 
o rd e rs  o f  magnitude g r e a t e r  than  th e  q u a s i s t a t i c  v a lu e s .
8 .2  Crack V e lo c i ty  E f f e c t s  in  G r i f f i t h  g l a s s .
For g l a s s ,  w ith  on ly  su r fa c e  energy (assumed to  be 
independen t o f  c rack  v e lo c i ty )  c o n t r ib u t io n s  to  th e  work o f  
f r a c t u r e ,  the  t o t a l  e f f e c t  o f  c ra c k  v e l o c i t y  can b e  acco u n ted  
f o r  by in c lu d in g  k i n e t i c  energy  term s in  th e  f r a c t u r e  energy  
b a la n c e .  A f t e r  th e  G r i f f i t h  p o in t  has been r e a c h e d ,  th e  
energy  r e l e a s e d  th rough  c rac k  e x te n s io n  i s  g r e a t e r  th a n  th e  
su r fa c e  energy req u irem en t and th e  excess  i s  u sed  to  a c c e l e r a t e  
th e  c ra c k .  The e s s e n t i a l  problem  then  becomes one o f  e s t im a t in g  
th e  maximum speed o f  th e  c rac k , and when i t  i s  r e a c h e d .  The 
o r ig in s  o f  t h i s  work a re  due to  Mott (117), and i t  i s  u s e f u l  
to  summarize th e  main p o in ts  in  h i s  argum ent.
The k i n e t i c  energy o f  th e  moving crack  i s  e q u a l  to  th e
summation of a l l  th e  l o c a l  k i n e t i c  e n e rg ie s  o f  m a te r i a l  
e lem ents  around th e  crack  t i p .  Thus, in  2 dim ensions f o r  
m a te r ia l  d e n s i t y ^ ;
k.:e. = =i(JJ(ui+v'-)dxcU) . . .  8 .1
•  •
u , v a re  th e  h o r i z o n ta l  and v e r t i c a l  v e l o c i t y  components.
From th e  continuum s o lu t io n  o f  a c e n tr e  c rac k ed , i n f i n i t e  
lam ina in  uniform  te n s io n  (see  3*5),
u. = 2 .§Jax
V  = 2-2'viar
where K <9 a re  th e  p o la r  c o o rd in a te s  from th e  c rack  t i p .
^ Kand f t v  a r e  fu n c t io n s  o f  9
Now, f o r  a f i x e d  elem ent and moving c ra c k ,  th e  d is ta n c e  
r  between elem ent and c rack  t i p  must be p r o p o r t i o n a l  to  th e  
c ra c k le n g th  a .  T h ere fo re
tc = c ,g ^  , v = czct>.
where C- ,^ Cg a r e  c o n s ta n ts .
E quation  7*1 can be r e s t a t e d  a s ;
O k = ±  &  f  I
2The double i n t e g r a l  i s  p r o p o r t io n a l  to  a , s in c e  th e  
c ra c k le n g th  a i s  th e  on ly  r e le v a n t  d im ension . T h e re fo re ,
= i  Kp ST
where K i s  a c o n s ta n t .  . . .  8 .
The k i n e t i c  energy , however, i s  a ls o  the  d i f f e r e n c e  betw een 
th e  e l a s t i c  energy r e l e a s e d  and th e  s u r f a c e  energy  ab so rb e d ;
- G -  R) ola.
Oc
v/here R = rrcrckc 
E
a
•  •  • 8 .3
( a t  c o n s ta n t  s t r e s s ) ^  CH and CL^  = c r i t i c a l  c rack  l e n g th .  
Combination of  8 .2  and 8 .3  y i e l d s ;
t h a t  th e  maximum v a lu e  f o r  th e  crack  v e l o c i t y  i s  abou t
0.38 v (3 8 ) .  The a n a l y s i s . i s ,  however, s u b je c t  to  a number
o f  assum ptions which a r e  by no means j u s t i f i e d .  As th e  crack
v e l o c i t y  approaches v , f o r  example, the  s t r e s s  d i s t r i b u t i o ns
around the  c rack  t i p  becomes d i s t o r t e d .  The s t r a i n  energy  
r e l e a s e  r a t e s  must th e r e f o r e  become dependant on c rack  
v e l o c i t y .
K in e t ic  e f f e c t s  were shown (C hap ter  k) to  have a
n e g l i g i b l e  c o n t r ib u t io n  to th e  energy b a la n c e  ( f o r  th e  double
c a n t i l e v e r  specimen) a t  speeds below 0.001 v .  C o n seq u en tly ,s
d is c u s s io n  in  t h i s  C hap ter  w i l l  be  su b seq u en tly  l i m i t e d  to  
c rack  v e l o c i t i e s  below t h i s  v a lu e .  The a n a l y s i s  o f  th e  
dynamic s t r e s s  f i e l d  i s  ex trem ely  complex, even f o r  e l a s t i c  
c o n t in u a ,  and i t  can be  s t a t e d  t h a t  a u n i f i e d  th e o ry  to  e x p la in  
th e  dynamic b eh a v io u r  o f  a c rack  does n o t  y e t  e x i s t  (38 , p . 1 4 3 )* 
W ithin  th e  o b je c t iv e  o f  u n d e rs ta n d in g  th e  m echanics o f  
f r a c t u r e  o f  bone, th e  b eh av io u r  o f  f a s t  moving c ra c k s  i s  o n ly  
im p o rtan t where i t  has some r e l e v a n t  p h y s ic a l  o r  p h y s io lo g ic a l
But = v e l o c i t y  o f  l o n g i tu d in a l  wave p ro p a g a t io n  in  th e
m a te r ia l  (Vs3.
As a ) )  a^ , a te n d s  to  Vi
•  .
C le a r ly ,  a can n ev e r  be  g r e a t e r  than  Vs , and i t  a p p e a rs
e f f e c t .  I f ,  f o r  example, i t  can be dem onstra ted  t h a t  c rack  
a r r e s t  can s t i l l  occur a t  h ig h  sp eed s , an u n d e rs ta n d in g  o f  
th e  k i n e t i c s  in v o lv e d  w i l l  a s s i s t  in  t h e  e x p la n a t io n  o f  t h i s  
toughening  mechanism.
For a G r i f f i t h - t y p e  g l a s s ,  th e  a n a ly s i s  o f  a moving 
c rack  a t  q u a s i s t a t i c  speeds can be a d e q u a te ly  ac h iev e d  u s in g  
th e  laws o f  s t a t i c  e q u i l ib r iu m . T h is , however, i s  n o t  t r u e  
f o r  most r e a l  m a te r i a l s ,  e s p e c i a l l y  th o se  e x h i b i t i n g  any 
s t r a i n  r a t e  e f f e c t s  in  t h e i r  p h y s ic a l  p r o p e r t i e s .
T y p ic a l ly ,  a to u g h n e ss /c ra c k  v e l o c i t y  r e l a t i o n s h i p  f o r  
ceram ics has been  p o s tu l a t e d  by W iederhorn (118, 132), a s  in  
f i g  8 .2 .  In each o f  the  3 r e g io n s ,  th e  re sp o n se  can be 
e x p re sse d  a s ;
Kc = Ac , where A and b a re  c o n s ta n t s .  O ften , however, 
th e  e n g in e e r  i s  i n t e r e s t e d  in  th e  r a t e  o f  crack  grow th a t  a 
g iv en  lo a d .  In  which c a se ,  the response  i s  r e p h ra s e d ;
6 = DKc6 , D e c o n s ta n ts .
I t  i s  conven ien t to  d iv id e  d is c u s s io n  on th e  c rack  
v e l o c i t y  e f f e c t s  in to  two s e c t i o n s ;  r e l a x a t io n  and  i n t e r ­
f a c i a l  e f f e c t s .  From a fundam ental v ie w p o in t ,  th e  d i s t i n c t i o n  
i s  a r b i t r a r y ,  s ince  r e l a x a t io n  e f f e c t s  a r e  as  im p o r ta n t in  
he terogeneous  as  in  homogeneous (continuum) f r a c t u r e .  In  
term s o f  comparison w ith  o th e r  m a t e r i a l s ,  however, i t  i s  
conven ien t to  s e p a r a te  the  two.
8 .3  R e la x a t io n  C o n tro l le d  Crack Growth
Before any exam ination  o f  r e l a x a t io n  p ro c e s se s  a round  
the  c rack  t i p  i s  p o s s ib le ,  i t  i s  n e c e s s a ry  to  p ro v id e  some 
measure o f  c ra c k  t i p  s t r a i n  r a t e .
Crack 
V
elocity
F racture Toughness
Fig 8.2
The fo l lo w in g  tre a tm e n t  i s  "based on th e  work o f  
Irw in  (119, 120) and W illiam s (121).
Prom continuum th e o ry ,  th e  t e n s i l e  s t r e s s  c lo s e  to  th e  
c rack  t i p  i s  ap p rox im ate ly  g iven  "by;
D i f f e r e n t i a t i n g  w ith  r e s p e c t  to  t im e ,  and n o t in g  th e  
f a c t  t h a t  -x  = a,
This e x p re s s io n  i s  r a t h e r  unw ieldy , and r e q u i r e s  f u r t h e r  
s i m p l i f i c a t i o n .  For most m a te r i a l s  and lo a d in g  c o n d i t io n s ,
th e  term ^  i s  much sm a lle r  than  the  o t h e r s ,  an d  can "beh
ig n o red . I t  i s  then  n e c e s s a ry  to  c o n s id e r  two p h ases ;
( i )  In  a t y p i c a l  lo a d in g  s i t u a t i o n ,  th e  c rack  i s  i n i t i a l l y  
a t  r e s t  and th e  lo a d  i s  m o n o to n ica lly  in c r e a s in g  w i th  t im e .
K i s  th e r e f o r e  p r o p o r t io n a l  to  t im e , so t h a t  h = ■£, where t  
i s  th e  time from i n i t i a t i o n  o f  t h e  t e s t .
( i i )  When th e  crack  i s  f u l l y  developed  and ru n n in g ,  
th e  f i r s t  term can he assumed to dominate th e  second.
3 pr
Thus, e =* TT e
A l t e r n a t i v e l y ,  where s i g n i f i c a n t  n o n - l i n e a r  b e h a v io u r  
ta k e s  p la ce  a t  th e  c rack  t i p  over a zone le n g th  A  , & sim ple 
e x p re s s io n  f o r  th e  c rack  t i p  s t r a i n  r a t e  i s
<X where A. i s  th e  zone le n g th
A
GL th e  c rack  v e l o c i t y  
This  i s  b ased  on th e  argument t h a t  the  zone l e n g th  
remains co n s ta n t  w ith  c rack  e x te n s io n .  Thus, in  tim e d t ,  when
the  c rac k  has ex tended  da, the  zone w i l l  a l s o  have moved da. 
The r a t e  o f  s t r a i n  o f  th e  zone le n g th  i s  th e r e f o r e
An exam ination  o f  r e l a x a t io n  c o n t r o l l e d  c rack  growth 
can he  approached  from two d i f f e r e n t  v ie w p o in ts .  The f i r s t  
i s  to  use  th e  a n a l y t i c a l  e x p re s s io n s  in  f r a c t u r e  m echanics, 
and r e l a t e  th e  f r a c tu r e  toughness (o r  work o f  f r a c t u r e )  to  
th e  v i s c o e l a s t i c  p a ra m e te rs .
Thus, f o r  example B ennett (122) d e r iv e d  a r e l a t i o n s h i p  
between th e  f r a c t u r e  en e rg y , r e l a x a t io n  modulus, tim e to  
f r a c t u r e ,  i n i t i a l  c r a c k le n g th  an d  th e  average  t e n s i l e  s t r a i n .  
U n fo r tu n a te ly ,  th e  m athem atics in v o lv e d  i s  d e t a i l e d ,  and  o f te n  
n e c e s s i t a t e s  th e  use  o f  l i m i t i n g  assum ptions . B en n e tt  (1 2 2 ) ,  
f o r  example, has to  model th e  crack  a s  a s p h e r i c a l  v o id .
O ther r ig o ro u s  v i s c o e l a s t i c  f r a c t u r e  approaches have been 
made by Schapery and Wnuk (125, 126, 127)•
I t  ap p ea rs  p o s s i b le ,  however, to  o b ta in  s i m i l a r  r e s u l t s  
u s in g  a much s im p le r  " p s e u d o -e la s t i c "  a n a ly s i s .  Thus 
W illiam s and M arsha ll  (1 2 8 ) ,  i n  an a t te m p t  to  acco u n t f o r  
c rac k  v e l o c i t y  e f f e c t s  in  po lym ers , suggest t h a t ;
(£ i s  th e  c rack  t i p  s t r e s s ,  and  a l s o  the m a te r i a l  t e n s i l e  
l i m i t ,  E i s  th e  e f f e c t i v e  youngs modulus, ^  i s  a  t im e s c a l e ,  
m and n a re  ex p o n en ts , and th e  s u b s c r ip t  o r e f e r s  to  u n i t  
tim e v a lu e s .  These e x p re s s io n s  a re  p u re ly  e m p i r i c a l ,  i t  
appears  t h a t  th e  tim e dependant p r o p e r t i e s  o f  many polym ers 
can be ex p ressed  in  t h i s  way.
8 .4
The s u b s t i t u t i o n  X s ^  i s  then  made (compare w ith  th e
p re v io u s ly  d e r iv e d  crack  t i p  s t r a i n  r a t e s )  and combined w ith
8.!}-, an e x p re s s io n  f o r  A  , and the  f r a c t u r e  c r i t e r i o n
G-c—  = c o n s ta n t ,  where Gc i s  th e  c r i t i c a l  s t r a i n  en e rg y  r e l e a s e  
Vc
r a t e .  This g iv e s
w\ + v\ -  —
-  C gu2^1~vv' +‘'0 o r  <5c =• BcL ^+|"1^
x  . . 8 .5
0 and B a re  c o n s ta n ts  depending on 0^ , E 0 .
Normally b o th  th e  u n i t  time v a lu e s  and th e  exponents  w i l l  a l s o
be f u n c t io n s  o f  tem p era tu re  and environment*
L og/log  p l o t s  o f  Kc and c sh o u ld , t h e r e f o r e  be a s e r i e s
o f  s t r a i g h t  l i n e s  w ith  a g r a d ie n t  (m + n)/(2 (l-m + n))• For
PMMA ^  0 .1 ,  and th e  t h e o r e t i c a l  s lope  i s  abou t 0 .1 .
This was c o r ro b o ra te d  e x p e r im e n ta l ly  over a wide range  o f
crack  v e l o c i t i e s .  (131)
The above s o lu t io n  i s  a l s o  b a sed  on th e  c r i t e r i o n  o f
f r a c t u r e  Oc/cTE, = c o n s ta n t ;  in d ep en d an t o f  te m p e ra tu re .
Mai and A tk in s  (129) su g g es t  t h a t  t h i s  i s  f a i r l y  c o n s i s t e n t
f o r  PMMA over th e  tem p era tu re  range 2h3 — 3b3 K, b u t  n o t  f o r
( e . g . )  P o ly s ty r e n e .
The method has th e  advantage o f  b e in g  a n a l y t i c a l l y
s im p le .  Once the  t e n s i l e  s t r e n g th  and e l a s t i c  modulus have
been e x p res sed  as  fu n c t io n s  o f  s t r a i n  r a t e ,  the r a t e  dependancy
on th e  f r a c tu r e  p r o p e r t i e s  emerges from f r a c t u r e  m echanics
th e o ry .  There i s ,  moreover, no r e c o u rs e  to  s p r in g  and
dashpot a n a lo g ie s ,  which o f te n  i n h i b i t s  an u n d e rs ta n d in g  o f
th e  a c tu a l  m a te r ia l  b e h a v io u r .
I t  must be  remembered, however, t h a t  the  approach  can
on ly  d e sc r ib e  th e  time dependant f r a c t u r e  c h a r a c t e r i s t i c s  in
term s o f  th e  e m p i r i c a l ly  d e r iv e d  r e l a t i o n s h i p s  f o r  th e  
m a te r ia l  t e n s i l e  l i m i t  and modulus. In  t h a t  r e s p e c t ,  th e  
a n a ly s i s  r e v e a ls  l i t t l e  o f  the m a te r i a l  b eh av io u r  a t  th e  c rack  
t i p  d u r in g  th e  f r a c t u r e  p ro c e s s .  Use o f  the  l i n e a r  f r a c t u r e  
mechanics r e l a t i o n s h i p s  i s  a l s o  l i m i t i n g ,  due to  g e n e ra l  
argum ents o f  c o n t in u i ty  and crack t i p  n o n - l in e a r  b e h a v io u r  
( see  C hap ter  3)*
The second way o f  lo o k in g  a t  r e l a x a t io n  f r a c t u r e  i s  to  
c o n s id e r  the  m o lecu la r  k i n e t i c s  o f  the  m a te r i a l .  Zhurkov (13,0) 
c o n s id e re d  the  f r a c tu r e  o f  a s o l i d  as  a tim e p ro c ess  in  w hich 
th e  r a t e  o f  f r a c t u r e  i s  de term ined  by m echanical s t r e s s  and 
te m p e ra tu re .  This concept a lm ost i n e v i t a b l y  le a d s  to  an 
A rrh en iu s  type o f  e q u a t io n ,  and Zhurkov (130) su g g e s te d  t h a t  
th e  l i f e t i m e  o f  a s o l i d  co u ld  be  e s t im a te d  by th e  e x p r e s s io n ;
X  -  X e e*p [ C Ue -  w ; /k t }
where U 0  = th e  a c t i v a t i o n  energy 
= Boltzmanns c o n s ta n t  
<T = the  t e n s i l e  s t r e s s  
T  = A bso lu te  tem p era tu re
^  Xo = c o n s ta n ts
He j u s t i f i e d  t h i s  r e l a t i o n s h i p  e x p e r im e n ta l ly  f o r  a 
w ide range o f  m a te r ia l s  ( e .g .  s i l v e r  c h lo r id e ,  alum inium ,
P. M.M.A.) .  In  p a r t i c u l a r  he obse rved  t h a t  th e  l o c a l i z a t i o n  
o f  the  s t r e s s  f i e l d  around th e  crack  d id  n o t  ap p e a r  to  
s u b s t a n t i a l l y  change the  k i n e t i c s  o f  th e  f r a c t u r e  p ro c e s s  -  
so th a t  th e  above e x p re s s io n  co u ld  be a p p l ie d  to  c rack  t i p  
phenomena.
A cco rd in g ly , A tk in s  (131) argued  t h a t  c rack  speed  
cou ld  he c o n s id e re d  as  b e in g  in v e r s e ly  p r o p o r t i o n a l  to  the  
f r a c t u r e  tim e, and t h a t  th e  s t r e s s  a t  th e  c rack  t i p  i s  
p ro p o r t io n a l  to  work o f  f r a c t u r e  by a r e l a t i o n s h i p  such a s ;
R./u<. -
w here < r  i s  t h e  s t r e s s  a t  a p o i n t  n e a r  t h e  c r a c k  t i p ,  u Q i s  
t h e  c r a c k  t i p  d i s p la c e m e n t ,  R = work o f  f r a c t u r e .  C o n s e q u e n t ly ,  
t h e  Zhurkov r e l a t i o n s h i p  c o u ld  b e  m o d i f i e d  from  a s t r e s s  
b i a s e d  e x p r e s s i o n  t o  a to u g h n e s s  b i a s e d  o n e;
• a  f  (U0- X R V  cl = A, expf °,. \' L < T  J
where A, ,X a r e  c o n s t a n t s ,  A c r a c k  v e l o c i t y .  T h is  
e q u a t io n  can  b e  r e a r r a n g e d ;
R = K. 
T X A, XT
The f r a c t u r e  t o u g h n e s s / c r a c k  v e l o c i t y  c u r v e  s h o u l d - t h e r e f o r e
b e  p l o t t e d  a s  R/T a g a i n s t  In  &. The g r a d i e n t  o f  t h e  r e s u l t i n g
k:s t r a i g h t  l i n e  i s  , w h ich  i s  in d e p e n d e n t  o f  t e m p e r a tu r e .
T e s t s  a t  d i f f e r e n t  t e m p e r a tu r e s  s h o u ld  o n ly  p ro d u ce  a s h i f t  i n  
t h e  i n t e r c e p t ,  and  t h i s  i s  f a i r l y  w e l l  b o m  o u t  f o r  PMMA, a t  
l e a s t  f o r  c r a c k  v e l o c i t i e s  i n  t h e  ra n ge  1 -  100  m m s~ \  and  
tem p s . 353  -  283 K.
In o r d e r  to  u s e  t h i s  a p p r o a c h , a r e a s o n a b ly  d e t a i l e d  
kn ow led ge  o f  th e  m o le c u la r  s t r u c t u r e  o f  th e  m a t e r i a l  i s  
n e c e s s a r y ,  so  t h a t  t h e  c o n s t a n t s  i n  th e  above e x p r e s s i o n  can 
b e v e r i f i e d  e x p e r i m e n t a l ! y .  I t  h a s  th e  a d v a n ta g e  o v e r  th e  
" p s e u d o - e l a s t i c 1* m ethod i n  t h a t  i t  a t te m p ts  t o  r e l a t e  t h e  
p h y s i c a l  b e h a v io u r  to  th e  f r a c t u r e  p r o c e s s ,  r a t h e r  th a n  j u s t  
model them .
8 .U  C rack v e l o c i t y  and  I n t e r f a c i a l  F a i l u r e
There a r e  two im p o r ta n t  c h a r a c t e r i s t i c s  t h a t  r e l a t e  
i n t e r f a c i a l  f a i l u r e  to  c r a c k  v e l o c i t y .  The f i r s t  i s  t h a t  
g e n e r a l  t r e n d s  i n  work o f  f r a c t u r e  a g a i n s t  c r a c k  v e l o c i t y  
(and  te m p e r a tu r e )  have  b e e n  o b s e r v e d  i n  c o m p o s i t e  f r a c t u r e  
e x p e r im e n ts  ( e . g .  1339 13b, 135). T h ese  t r e n d s  c a n n o t ,  in  
g e n e r a l ,  b e  a t t r i b u t e d  t o  the t im e  d ep en d an t c h a r a c t e r i s t i c s  
o f  any o f  th e  i s o l a t e d  p h a s e s .
The s e c o n d  i s  t h a t  a crack  m oving in  a m a t e r i a l  c o n t a i n i n g  
numbers o f  i n t e r f a c e s  som etim es  t r a v e l s  i n d i s c r i m i n a t e l y  a c r o s s  
them , w i t h  l i t t l e  t r a c e  o f  any i n t e r f a c i a l  f a i l u r e .  T h is  
o f t e n  o c c u r s  a t  h i g h  c r a c k  v e l o c i t i e s  ( 133> 7 0 ,  l i+ 1 ) .
Most o f  th e  p u b l i s h e d  m a t e r i a l  i s  o f  an a p p l i e d  n a t u r e ,  
w here w ork ers  a r e  c o n c e r n e d  w i t h  th e  s tu d y  o f  g iv e n  c o m p o s i t e  
s y s t e m s  and  t h e  im provem ent o f  t h e i r  m e c h a n ic a l  p r o p e r t i e s .
Dover e t  a l  (133)> f o r  example, examined te m p e ra tu re  and 
s t r a i n  r a t e  e f f e c t s  on th e  f r a c t u r e  o f  a g l a s s  f i l l e d  therm o­
p l a s t i c  r e s i n  (ABS). They n o te d  t h a t  th e  f r a c t u r e  s u r fa c e  o f  
the  composite was c h a r a c te r i s e d  by two re g io n s  c o rre sp o n d in g  
to  slow crack growth b e fo re  i n s t a b i l i t y  and subsequen t f a s t  
f r a c t u r e .  Both r e g io n s  e x h ib i t e d  f i b r e  p u l l o u t ,  a l th o u g h  
t h i s  o c c u rre d  to  a g r e a t e r  e x te n t  in  th e  slow  c ra c k  growth 
re g io n .  The appearance o f  th e  p u l lo u t  le n g th s  a l s o  a p p e a red  
to  be much " c le a n e r"  in  t h i s  r e g io n .  The p u l l  ou t l e n g th s  in  
th e  f a s t  f r a c t u r e  reg io n  o f te n  had q u a n t i t i e s  o f  m a tr ix  
s t i c k in g  to  them. This su g g e s te d  t h a t  the  i n t e r f a c i a l  s t r e n g t h  
in c re a s e d  w i th  s t r a i n  r a t e  (o r  crack  v e l o c i t y ) ,  and t h a t  th e  
n a tu re  o f  th e  bonding between f i b r e  and m a tr ix  i s  v i s c o e l a s t i c .
C onverse ly , Marom e t  a l  (135) p o s tu l a t e d  t h a t  th e  in c r e a s e
i n  f r a c t u r e  t o u g h n e s s  w ith  cra ck  v e l o c i t y  in  g l a s s  f i b r e -  
ep o x y  c o m p o s i t e s  i s  due t o  an i n c r e a s e  i n  t h e  f i b r e  t e n s i l e  
s t r e n g t h  ( (Jp ) and  a d e c r e a s e  i n  th e  i n t e r f a c i a l  s h e a r
The r e d u c t i o n  i n  i n t e r f a c i a l  s h e a r  s t r e n g t h  w i t h  s t r a i n  
r a t e  was a p p a r e n t ly  due to  t h e  r e d u c t i o n  i n  t h e  c o e f f i c i e n t  
o f  s l i d i n g  f r i c t i o n  b e tw e e n  f i b r e  and  m a tr ix  w i t h  v e l o c i t y .
I t  i s  q u i t e  c l e a r  t h a t  t h e  n a t u r e  o f  t h e  b i n d i n g  b e tw e e n  
f i b r e  and m a tr ix  i s  v e r y  i n f l u e n t i a l  i n  d e te r m in in g  th e  
i n t e r f a c i a l  f r a c t u r e  r e s p o n s e .  S in c e  i t  i s  p o s s i b l e  t o  v a r y  
t h e  b o n d in g  o v e r  a w id e  ra n g e  o f  c o m p o s i t e  s y s t e m s ,  t h e  
f r a c t u r e  b e h a v io u r  i s  l i k e l y  t o  b e  e q u a l l y  v a r i e d .  The 
a p p a r e n t  c o n t r a d i c t i o n  b e tw e e n  Marom and D over m e n t io n e d  
ab o v e  may simply^ be due t o  t h e  u s e  o f  a d i f f e r e n t  s y s t e m .
What i s  most i n t e r e s t i n g ,  h o w ev er ,  i s  t h a t  no m a t t e r  
what s y s t e m  i s  u s e d ,  t h e  work o f  f r a c t u r e  g e n e r a l l y  i n c r e a s e s  
w i t h  c r a c k  v e l o c i t y  o v e r  t h e  q u a s i s t a t i c  r a n g e .  A l t h o u g h  no  
u n i v e r s a l  c r i t e r i o n  h a s  y e t  b e e n  p r o p o s e d ,  th e  fu n d a m e n ta l  
work o f  K e n d a l l  on cra c k  v e l o c i t y  e f f e c t s  i n  i n t e r f a c i a l  
f r a c t u r e  ( I 36-U 4.O) d o es  c a s t  new l i g h t  on t h e  p r o b le m .
The e x p e r im e n t a l  work was c a r r i e d  o u t  on t h i n  ru b b e r  
s t r i p s  m oulded t o  an o p t i c a l l y  sm ooth  g l a s s  p l a t e .  By 
h a n g in g  w e ig h t s  to  one en d  o f  t h e  ru b b er  s t r i p ,  i t  c o u l d  b e  
p e e l e d  o f f  a t  a ran ge  o f  d i f f e r e n t  v e l o c i t i e s .  S in c e  t h e  
h y s t e r e s i s  l o s s  i n  th e  l o a d e d  p o r t io n  o f  th e  r u b b er  was  
n e g l i g i b l e ,  th e  p e e l i n g  p r o c e s s  was an  a lm o s t  i d e a l  m odel f o r
s t r e n g t h  ( 'Tj/ ) ,  a c c o r d in g  t o  t h e  r e la te r m n h i  -n 
Work o f  f r a c t u r e  = p u l l  o u t  work  
Vf = f i b r e  volum e f r a c t i o n  
d  = f i b r e  d ia m e t e r .
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the Griffith fracture energy "balance.
Por c o n s ta n t  m a te r ia l  th ic k n e s s ,  p ee l  a n g le  and lo a d in g ,  
th e  s p e c i f i c  work o f  p e e l in g  (o r  f r a c t u r e ) ,  R, was found  to 
v a ry  w ith  c rack  v e l o c i t y  a ,  acco rd in g  to  the r e l a t i o n s h i p  
lo g  R = O.531oga + B
where R i s  measured in 'N m " \  a in  and B i s  a
c o n s ta n t .
I t  was found  t h a t  a momentary r e t a r d a t i o n  o r  a c c e l e r a t i o n  
o c c u rre d  when an i n t e r f a c e  o r  change in  th ic k n e s s  o f  the  
ru b b er  f i lm  was en co u n te red  as shown in  f i g  8 .3 -  The c ra c k  
v e l o c i t y  underwent a s te p  in c re a s e  (o r  d ec re a se )  a t  th e  
i n t e r f a c e  or change in  th ic k n e s s ,  su b seq u en tly  decay ing  back  
to  th e  o r i g i n a l  " s te a d y  s t a t e ” v a lu e .  B efore th e  c ra c k  
reac h es  th e  d i s c o n t i n u i t y ,  the  energy in p u t ,  a s  d e te rm in ed  by 
th e  w eigh t moving s t e a d i l y  downwards, i s  e x a c t ly  e q u a l  to  th e  
f r a c t u r e  energy a b s o rp t io n .  At th e  d i s c o n t i n u i t y ,  however, 
th e  p e e l  bend changes in  shape, and the  w eigh t moves l e s s  
w ith  th e  same c rack  inc rem en t. The i n t e r f a c e  w ith  th e  s t i f f e r  
m a te r ia l  i s  seen by  th e  c rack  as  an e l a s t i c  "g e a r  change" in to  
a h ig h e r  r a t i o .  T h is  e f f e c t  becomes g ra d u a l ly  red u ce d  as  th e  
crack  moves p a s t  th e  d i s c o n t in u i ty ,  and  th e  c rac k  speed  
r e tu r n s  to  i t s  o r i g i n a l  v a lu e .
At th e  d i s c o n t in u i ty ,  i t  can b e  shown t h a t  th e  G r i f f i t h  
energy  b a lan ce  sh o u ld  be  m od ified  to ;
where P = the  a p p l ie d  fo rc e
b = th e  w id th  o f  the  s t r i p  
R = th e  work o f  f r a c t u r e
%2*2’ S l"^l = t i ie  "t)enci^n S s t i f f n e s s e s  o f  t h e  s t r i p  
b e f o r e  and a f t e r  th e  d i s c o n t i n u i t y .
A t c o n s t a n t  F,  t h e r e f o r e ,  t h e  e f f e c t  o f  t h e  d i s c o n t i n u i t y  
i s  t o  a c c e l e r a t e  th e  c r a c k  t o  th e  c r a c k  v e l o c i t y  m a tc h in g  t h e  
new v a l u e  o f  R. I f  th e  i n c r e a s e  in  s t i f f n e s s  i s  s u f f i c i e n t ,  
t h e  new v a lu e  o f  R may b e  r e d u c e d  t o  b e lo w  th e  i n i t i a t i o n  
v a l u e .  I f  t h i s  h a p p e n s ,  th e n  th e  c r a c k  i s  a r r e s t e d .
Where th e  c r a c k  moves s l o w l y  th r o u g h  a number o f  i n t e r ­
f a c e s  w i t h  a l t e r n a t e  i n c r e a s e d  and r e d u c e d  m o d u l i ,  t h e  c r a c k
v e l o c i t y  w i l l  v a r y  a s  i n  f i g  8 . 4 .  i s  t h e  e q u i l i b r i u msq
work o f  f r a c t u r e  f o r  t h e  m a t e r i a l  w i t h  no i n t e r f a c e s .  I t  ca n  
b e  s e e n  t h a t  th e  e f f e c t  o f  t h e  r e t a r d a t i o n  o u tw e ig h s  t h e  
a c c e l e r a t i o n  e f f e c t ,  r e d u c in g  th e  mean cra c k  v e l o c i t y  t o
b e lo w  V • T h is  i s  b e c a u s e  th e  c r a c k  sp e n d s  more t im e  g o i n geq ■
s l o w l y  th a n  f a s t .  The s lo w  s p e e d  f r a c t u r e  to u g h n e s s  i s  th u s  
s l i g h t l y  im p roved .
The m echanism  d o e s ,  o f  c o u r s e ,  o n ly  a p p ly  w i t h i n  th e  
q u a s i s t a t i c  s p e e d  r a n g e .  Once k i n e t i c  e n e r g y  c o n t r i b u t i o n s  
becom e s i g n i f i c a n t ,  th e  c r a c k  w i l l  p o s s e s s  s u f f i c i e n t  momentum 
t o  p r e v e n t  n o t ic e a b le  a c c e l e r a t i o n  a c r o s s  t h e  i n t e r f a c e .
W hether th e  m echanism  a p p l i e s  t o  r e a l  e n g i n e e r i n g  m a t e r i a l s  o r  
n o t  r e q u i r e s  f u r t h e r  i n v e s t i g a t i o n ,  b u t  t h e  movement o f  a c r a c k  
th ro u g h  r e g i o n s  o f  d i f f e r e n t  m od uli i s  c e r t a i n l y  v e r y  im p o r ta n t  
i n  t h e  s tu d y  o f  t h e  f r a c t u r e  o f  c o m p o s i t e s .
The i n f l u e n c e  o f  c r a c k  v e l o c i t y  in  th e  t r a n s i t i o n  
b e tw e e n  i n d i s c r i m i n a t e  " c a t a s t r o p h ic "  f a i l u r e  and i n t e r f a c i a l  
f r a c t u r e  h a s  n o t  b e e n  s p e c i f i c a l l y  s t u d i e d .  K e n d a l l  ( l l + l ) ,  
h o w e v e r ,  d e r iv e d  t h e  c r i t e r i o n  f o r  i n t e r f a c i a l  f r a c t u r e  i n  
t h i n  p l a t e s  l o a d e d  i n  t e n s i o n  and s m a l l  c r a c k  l e n g t h ;
Rad <  Ro o A TT
where Ra ^ i s  th e  i n t e r f a c i a l  f r a c tu r e  energy  and
Rco i s  th e  homogeneous o r  cohesive  v a lu e .
The r e l a t i o n s h i p  i s  d e r iv e d  u s in g  sim ple e n e r g e t ic  
argum ents which in v o lv e  th e  u s u a l  l im i t i n g  f r a c t u r e  mechanics 
assu m p tio n s .  I t  i s ,  however, re a so n a b le  to  p ropose a s i m i l a r  
r e l a t i o n s h i p  b ased  on th e  h y p o th e s is  t h a t  th e  c ra c k  w i l l  
fo llo w  a p a th  o f  minimum energy ;
R * & Rad \  co
The f a c t o r  k i s  in c lu d e d  to  accoun t f o r  th e  d i f f e r e n t  
e l a s t i c  s t r a i n  energy c o n t r ib u t io n s  around each  c r a c k , Nas 
caused  by t h e i r  d i f f e r e n t  o r i e n t a t i o n s  to  th e  a p p l i e d  lo a d .
In  t h i s  in s t a n c e ,  (11+1) the  i n t e r f a c e  la y  in  th e  same p lan e  
a s  th e  a p p l ie d  lo a d .  The lo a d in g  was th e r e f o r e  in  fa v o u r  o f  
homogeneous c rack  growth, so t h a t  K <  1.
K endall was ab le  t o  show t h a t ,  f o r  a sim ple r u b b e r /  
ru b b e r  i n t e r f a c e ,  Ra(  ^ in c re a s e d  more r a p id ly  w i th  c ra c k
v e l o c i t y  than  R • S ince th e  i n i t i a l  v a lu e  o f  R , was l e s sco act
than  K R , i t  was p o s s ib le  to  o b ta in  a c r i t i c a l  c rack  speed  co
above which R&d ^  K RCq* and the  c rack  p assed  s t r a i g h t  a c ro s s  
th e  i n t e r f a c e .
S e v e ra l  g e n e ra l  rem arks may be in c lu d e d  h e r e ;
( i )  F o r many m a te r i a l s ,  b o th  works o f  f r a c t u r e  w i l l  b e  
fu n c t io n s  o f  a number o f  d i f f e r e n t  v a r i a b l e s ,  w hich  may o r  
may n o t  in c lu d e  c rack  v e l o c i t i e s .  T ra n s i t io n  p o in t s  may 
th e r e f o r e  be a f f e c t e d  by , f o r  example, a change in  te m p e ra tu re .
( i i )  As in  th e  p rev io u s  ca se ,  i n e r t i a  e f f e c t s  have been 
ig n o red .  For a homogeneous c rack  approach ing  an i n t e r f a c e ,
th e  i n e r t i a  w i l l  i n h i b i t  any t e n d e n c y  t o  be d i v e r t e d  down 
th e  i n t e r f a c e .
( i i i )  M a t e r ia l  p r o p e r t i e s  e i t h e r  s i d e  o f  t h e  i n t e r f a c e  
h ave  b e e n  assum ed  t o  b e  i d e n t i c a l .  Where d i s s i m i l a r  m od u li  
e x i s t ,  K e n d a l l  show ed t h a t  t h e  e f f e c t  was t o  d e la y  th e  
t r a n s i t i o n  b e tw e e n  th e  two f r a c t u r e  modes, when t h e  c r a c k  
p a s s e d  from  a r e g i o n  o f  h i g h e r  modulus i n t o  one o f  a lo w e r  
m odulus. The e f f e c t  w a s ,  h o w e v e r ,  s e c o n d a r y  t o  t h a t  due to  
th e  d i f f e r e n t  w orks o f  f r a c t u r e .
( iv )  The r e s u l t s  o n ly  ap p ly  to  a c rack  app roach ing
a s in g le  i n t e r f a c e .  The e f f e c t s  o f  a number o f  i n t e r f a c e s  
and the  r e l a t i o n s h i p  between the  e x te n t  o f  secondary  c ra c k in g  
and th e  d isp lacem en t o f  c rack  fa c e s  a re  n o t  e x p lo re d  in  t h i s  
model.
8 .5  Crack V e lo c i ty  and  Bone F ra c tu re
The r e s u l t s  show t h a t  th e re  i s  a v e ry  d e f i n i t e  in c r e a s e  
in  work o f  f r a c t u r e  o f  bone w ith  c rac k  v e l o c i t y  ov er  th e  
range 0 .01  to  lmms“\  The s c a t t e r ,  however, i s  s u b s t a n t i a l  
and i t  i s  d i f f i c u l t  to  say w hether th e  in c re a s e  in  th e  
c o r r e l a t i o n  c o e f f i c i e n t  due to  ta k in g  lo g  v a lu e s  i s  o f  any 
s ig n i f i c a n c e .  I t  must be  n o te d  t h a t  th e re  was a marked 
•tendency f o r  the  specim ens to  f r a c t u r e  u n s ta b ly  a t  th e  h ig h e r  
r a t e s ,  th u s  y i e ld in g  few er da ta  p o in ts  p e r  specimen. The 
da ta  i s  th e r e f o r e  n o t  even ly  sp read  over th e  range o f  c rack  
v e l o c i t i e s .  This  w i l l  te n d  to  d is g u is e  any e x p o n e n t ia l  
in c re a s e  in  R v/ith 8, and i t  may be t h a t  the  c o r r e l a t i o n  
c o e f f i c i e n t  o b ta in e d  f o r  an even ly  d i s t r i b u t e d  sample
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would be in c re a s e d  c o n s id e ra b ly  by ta k in g  lo g a r i th m s .
The most d ram atic  e f f e c t s  o f  crack v e l o c i t y  on bone 
f r a c t u r e  can be  seen from an exam ination  o f  th e  f r a c t u r e  
s u r f a c e s .  P ig s  8 .5  , 8 .6  show the d i f f e r e n c e s  between slow 
and f a s t  f r a c t u r e .  I t  was n o t  p o s s ib le ,  however, to  d e t e c t  
any changes in  th e  f r a c t u r e  topography due to changes in  
c rack  v e l o c i t y  w ith in  th e  Q u a s i s t a t i c  range.
At th e se  slow speeds , th e  f r a c t u r e  su r fa c e  i s  ex trem ely  
rough , w ith  much ev idence o f  i n t e r f a c i a l  f a i l u r e  as  th e  crack  
seeks  ou t a p a th  o f  minimum r e s i s t a n c e .  A f t e r  i n s t a b i l i t y ,  
however, th e re  i s  an a b ru p t  change, and th e  c rac k  a p p ea rs  to  
p ass  s t r a i g h t  th rough  a l l  i n t e r f a c e s ,  le a v in g  a much sm oother 
f r a c t u r e  s u r f a c e .  This was f i r s t  observed  by P i e k a r s k i ( 7 0 ) .
There a r e ,  th e r e f o r e  two im p o r ta n t  phenomena t h a t  r e q u i r e  
i n v e s t i g a t i o n ;  th e  in c re a s e  in  R w ith  a over  the  q u a s i s t a t i c  
ran g e , gnd the  ap p a ren t change in  f r a c t u r e  mechanism a f t e r  
i n s t a b i l i t y  and a t  h ig h e r  crack  speeds .
( i )  The s t r a i n  r a t e  dependancy o f  bone on th e  Young’ s 
modulus and th e  UTS i s  w e ll  documented (C hap ter  2 ) .  As 
d is c u s se d  e a r l i e r  in  t h i s  C h a p te r ,  i t  i s  r e l e v a n t  to  e s t im a te  
th e se  e f f e c t s  on th e  work o f  f r a c t u r e  u s in g  f r a c t u r e  m echanics 
th e o ry .  A ccording to t h i s ,  th e  lo g  R /lo g  a g r a d ie n t  sh o u ld  be 
m/n+l-m.
A lthough th e re  i s  no e x a c t  d a ta  f o r  m and n ,  C urrey  ( 25 ) 
has c o r r e l a t e d  th e  y i e l d  s t r e s s  and modulus o f  young bov ine 
bone a g a in s t  s t r a i n  r a t e .  Using rough v a lu e s  o b ta in e d  from 
h i s  f ig u e s  2, k;
As e v a r i e s  from lC f^ to
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T h is  g i v e s  a t h e o r e t i c a l l y  e s t i m a t e d  s l o p e  o f  0 . 1 1 ,  w h ich  
may "be compared w i t h  th e  m easured  v a l u e  o f  . 1 5 2 .  The e s t i m a t e d  
s l o p e  i s  w i t h in  th e  5% c o n f id e n c e  l i m i t s  f o r  th e  m easu red  
v a l u e ,  w h ic h  s u g g e s t s  t h a t  th e  i n c r e a s e  i n  R w i t h  c r a c k  
v e l o c i t y  i s  c l o s e l y  r e l a t e d  w i t h  t h e  s t r a i n  r a t e  e f f e c t s  on 
t h e  t e n s i l e  modulus and s t r e n g t h .
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A = ^ = 1 .2 7  mm, i t  may he s e e n  t h a t ,  o v e r  th e  ra n g e  
o f  cr a c k  v e l o c i t i e s  .0 1  to  1 mms"1 , e v a r i e s  from  0 . 0 1 s " 1 t o  
I s " 1 . T h is  i s  w i t h in  C u rrey * s  d a ta  r a n g e .
I t  i s  u n f o r t u n a t e l y  i m p o s s i b l e  to  o b t a in  any p r e d i c t i o n  
o f  work o f  f r a c t u r e / c r a c k  s p e e d  r e s p o n s e  u s i n g  m o le c u la r  
k i n e t i c  t h e o r y .  W ith  th e  p r e s e n t  s t a t e  o f  t h e  a r t ,  l i t t l e  
i s  known a b o u t  th e  m o le c u la r  s t r u c t u r e  o f  b o n e .  The a u t h o r  
w a s , m o reo v er ,  u n a b le  to  f i n d  any  p u b l i s h e d  v a l u e s  f o r  t h e  
a c t i v a t i o n  e n e r g y  o f  b o n e .  F u r th e r m o r e ,  a d e t a i l e d  s tu d y  
o f  any t h e r m a l ly  a c t i v a t e d  p r o c e s s e s  i n  bone f r a c t u r e  
must n e c e s s a r i l y  i n v o l v e  ex p er im en ts '  c a r r i e d  o u t  o v e r  a 
ran ge  o f  d i f f e r e n t  t e m p e r a t u r e s .  W ith  th e  l i m i t e d  t im e  
a v a i l a b l e ,  i t  was o n ly  p o s s i b l e  t o  c a r r y  o u t  t e s t s  a t '  2 5 °C .  
D o u b t l e s s ,  t h i s  i n d i c a t e s  a v a l u a b l e  l i n e  o f  w ork i n  th e  
f u t u r e .
The prim ary mechanism f o r  th e  g e n e ra l  in c re a s e  in  work 
o f  f r a c t u r e  w ith  (slow ) crack  v e l o c i t y  must he a t t r i b u t e d  to  
the  rheo logy  o f  th e  m a te r i a l .  In  view o f  the  o b s e rv a t io n a l  
ev idence  o f  i n t e r f a c i a l  f r a c t u r e  as  the  c ra c k  p ro g re s s e s  a t  
th e s e  sp eed s , i t  may be  t e n t a t i v e l y  su g g es ted  t h a t  the 
rheo logy  o f  th e  i n t e r f a c e s  i s  th e  p r in c ip a l  f a c t o r  in  slow 
speed  f r a c t u r e .
However, th e  K endall (136) c rack  slow ing e f f e c t  in  
i n t e r f a c i a l  f r a c t u r e  may w ell  p rov ide  some c o n t r ib u t io n  to  
th e  in c re a s e  in  R w ith  a .  F i r s t l y  because  the  l o a d / d e f l e c t i o n  
resp o n se  in  th e  slow c rac k in g  t e s t s  i s  v e ry  s t r o n g ly  
c h a r a c t e r i s e d  by a d isc o n t in u o u s  mode o f  c rac k  grow th. The 
crack  th e r e f o r e  undergoes sudden changes in  v e l o c i t y ,  s im i l a r  
to  t h a t  p r e d ic te d  by K endall (1 3 6 ) .  Secondly , because  compact 
bone t i s s u e  i s  f u l l  o f  sm all re g io n s  o f  v a ry in g  modulus.
This occurs  where th e  f i b r e  o r i e n t a t i o n  v a r i e s ,  s in c e  on ly  th e  
modulus in  th e  a x i s  o f  lo a d in g  i s  im p o r ta n t ,  and a l s o  where 
th e  l o c a l  v a lu e  o f  m in e ra l  c o n te n t  changes. This  i s  e s p e c i a l l y  
t r u e  in  r e c o n s t ru c te d  bone.
( i i )  I n s t a b i l i t y  i s  c h a r a c t e r i s e d  by a v e ry  sudden
in c re a s e  in  c rac k  speed  and a change in  th e  f r a c t u r e  s u r f a c e .
Slow s t a b l e  c rack  growth a l s o  becomes p r o g r e s s iv e ly  l e s s  easy
to  o b ta in  as  th e  c ro ssh ead  speed  i s  in c r e a s e d .  I t  i s  f o r
th e se  rea so n s  t h a t  K e n d a l l1s concept o f  a c r i t i c a l  c rack
v e l o c i t y  d e te rm in ing  th e  t r a n s i t i o n  p o in t  between i n t e r f a c i a l
and homogeneous f r a c t u r e  ap p ears  to  be a p ro b ab le  e x p la n a t io n .
The f a c t  t h a t  the v a lu e  o f  R . as  e s t im a te d  by th eco
" c a t a s t r o p h i c ” v a lu e s  o f  work o f  f r a c t u r e  i s  l e s s  than  th e  
i n t e r f a c i a l ,  o r  slow speed  v a lu e s  a l s o  p ro v id e s  a reason  why
the  hom ogeneous'value i s  always a s s o c ia te d  w ith  c a t a s t r o p h i c  
f r a c tu r e . .  At th e  t r a n s i t i o n  p o in t  th e re  i s  a sudden d ec rease  
in  the  f r a c t u r e  energy  re q u irem e n t,  and the  r e s u l t i n g  ex cess  
w i l l  a c c e l e r a t e  the  crack u n c o n t ro l l a b ly .
This n e c e s s a r i l y  means t h a t  whereas K was l e s s  than  
u n i ty  in  the  c r i t e r i o n  e a r l i e r  d e r iv e d ;
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in  t h i s  case K must be  g r e a t e r  than  u n i t y .  In d eed , i n  
t h i s  s e r i e s  o f  t e s t s ,  the p lane  o f  c rac k  growth c o in c id e d  
rough ly  w ith  t h a t  o f  f i b r e  o r i e n t a t i o n .  The lo a d in g  
c o n f ig u ra t io n  was th u s  in  fav o u r  o f  i n t e r f a c i a l  f a i l u r e ;  
synonymous w ith  K ^  1.
F i n a l l y ,  th e  r e s u l t s  from C h ap te r  7 d em onstra ted  t h a t  
in c re a s e d  s t e a d i l y  w ith  c rack  e x te n s io n ,  f o r  th e  f i r s t  
few m i l l im e te r s .  I t  i s  p o s s i b le ,  th e r e fo r e  t h a t  th e  t r a n s i t i o n  
from ad h es iv e  to  cohesive  f r a c t u r e  i s  n o t  on ly  c o n t r o l l e d  by  
c rac k  v e l o c i t y  e f f e c t s ,  b u t  a l s o  by crack  le n g th  : a f t e r  a 
g iven  crack  e x te n s io n ,  Ra ^ w i l l  have in c re a s e d  to  th e  c r i t i c a l  
v a lu e  a t  which t r a n s i t i o n  o c c u rs .
CHAPTER 9
Recommended R esearch  and  C onclusions
9*1 Development o f  th e  T es t  Method
An im p o r tan t a r e a  f o r  th e  development o f  th e  t e s t  
method i s  th e  f u r t h e r  c o n s id e r a t io n  of the  c ra c k le n g th  
measurement. I t  may he p o s s i b le ,  u s in g  more advanced 
p h o to g rap h ic  te c h n iq u e s ,  to  improve the  accu racy  o f  th e  
measurement down t o ,  say 0 .1  mm. However, i t  i s  a l s o  q u i t e  
p o s s ib le  t h a t  th e  d i s t i n c t i o n  between c ra c k le n g th s  o f  t h i s  
o rd e r  i s  m ean in g le ss ,  due to  th e  breakdown in  c o n t in u i ty .
For example, the  e x te n s io n  o f  a l o n g i tu d in a l  c rack  i s  ch a rac  
t e r i s e d  by sm all secondary  c rac k s  form ing ahead of the main 
c rack  which e n la rg e  and g r a d u a l ly  c o a le s c e .  Thus, th e  9 t r u e  
c rac k  t i p  i s  no lo n g e r  d e f i n i t e  and i t  i s  n o t  e a sy  to  map 
i t s  p ro g re s s  w ith in  th e se  l i m i t s .  D i f f i c u l t i e s  in  d i s t i n g ­
u is h in g  the  c rack  t i p  have a l s o  been n o te d  by C urrey  (1^2) 
who has obse rved  t h a t  i t  i s  o f te n  im p o ss ib le  to  l o c a t e  th e  
t i p  o f  a c rack  because i t  d is a p p e a rs  in to  a s t r u c t u r a l  
d i s c o n t in u i ty .  Thus a c rac k  w i l l  ( t y p i c a l l y )  merge in  w ith  
a sm all b lo o d  v e s s e l  o r  between la m e l la e .
A nother im p o r tan t  a re a  f o r  th e  development o f  th e  t e s t  
method i s  to  in c re a s e  th e  s t a b i l i t y  o f  th e  t e s t  r i g .  With 
th e  p r e s e n t  a p p a ra tu s ,  measurements a r e  l i m i t e d  to  low c rac k  
v e l o c i t i e s  (o f  o rd e r  1 mm/s) f o r  lo n g i t u d in a l  c r a c k s .  With 
improved s t a b i l i t y ,  t h i s  cou ld  be  in c re a s e d  to  1 m/s w ith o u t  
s e r io u s ly  a f f e c t i n g  th e  v a l i d i t y  o f  th e  q u a s i s t a t i c  method.
An i n c r e a s e  i n  s t a b i l i t y  w o u ld  a l s o  prom ote q u a s i s t a t i c  
c r a c k  grow th  i n  th e  t r a n s v e r s e  d i r e c t i o n .  The r e s u l t s
o b ta in e d  in  t h i s  s tu d y  (Appendix k) s u f f e r e d  from ex trem ely  
low s t a b i l i t y ,  and can on ly  be co n s id e red  as p r e l im in a ry .
S t a b i l i t y  i s  promoted, as  d is c u s s e d  in  C hap ter  I4., by 
in c r e a s in g  th e  s t i f f n e s s  o f  the  t e s t  r i g ,  by a l t e r i n g  specimen 
des ign  and by v a r io u s  m echanical d ev ices  a t t a c h e d  to  th e  
specimen. There i s  no reason  why th e se  te ch n iq u e s  cou ld  n o t  
be a p p l ie d  to bone , a l th o u g h  i t  must be  a d m itte d  t h a t  th e  more 
s o p h i s t i c a t e d  specimen d e s ig n s ,  a s  p roposed  by Gurney (8 1 ) ,  
f o r  example, does p re s e n t  c o n s id e ra b le  specimen m an u fac tu r in g  
problem s.
F i n a l l y ,  su g g e s t io n s  o f  recommended r e s e a r c h  u s in g  th e  
t e s t  method have been made in  the  p re c e d in g  3 C h a p te rs .  These 
may be summarised.
( i )  An in v e s t i g a t i o n  o f  th e  e f f e c t s  o f  d i f f e r e n t  
n o tc h in g  te c h n iq u e s  on bone f r a c t u r e .
( i i )  A m a te r ia l  exam ination  o f  th e  " s t r e s s  w h iten in g "  
mechanism o bse rved  in  b o th  s im ple  te n s io n  and slow f r a c t u r e  
t e s t s .
( i i i )  Measurements o f  ’ cohesive.’ v a lu e s  o f  work o f  
f r a c t u r e ,  and an e s t im a te  of th e  v a lu e  of c rac k  v e l o c i t y  a t  
which th e  mode o f  f r a c t u r e  changes.
( iv )  Measurements o f  R a t  d i f f e r e n t  temperatures, and  an 
independen t measurement o f  th e  a c t i v a t i o n  en e rg y  o f  bone .
9 .2  Experim ents U sing Whole Bones,
In  C hap ter  5, i t  was a rgued  t h a t ,  w i th in  the  o b j e c t i v e s  
of  t h i s  s tu d y ,  th e  use o f  machined specimens was p r e f e r a b l e  
to  t h a t  o f  whole bones .
There i s ,  however, a fundam ental advantage in  u s in g  a
whole hone, s in c e  i t  i s  p o s s ib le  to  im i ta t e  in -v iv o  lo a d in g  
c o n d i t io n s  more c lo s e ly .  There i s ,  t h e r e f o r e ,  a need  f o r  a 
s e r i e s  o f  f r a c t u r e  experim en ts  u s in g  whole bones and s im u la te d  
in -v iv o  lo a d in g  c o n d i t io n s .
The s t y l e  o f  approach  recommended i s  t h a t  ad o p ted  by 
m e t a l l u r g i s t s  s tu d y in g  th e  f r a c t u r e d  p ie c e s  o f  an e n g in e e r in g  
component. Thus, a whole bone i s  lo a d ed  to  f a i l u r e  in  a mode 
approx im ating  to  a t y p i c a l  f in - v iv o 1 f r a c t u r e  s i t u a t i o n .  I f  
th e  f r a c t u r e  can b e  perform ed 1 i n - v iv o 1, on a l a b o r a to r y  
a n im a l,  so much th e  b e t t e r .
The f r a c t u r e d  p a r t s  a re  then  c a r e f u l ly  c o l l e c t e d  and 
examined u s in g  ( e . g . )  o p t i c a l  m icroscopy and the  scann ing  
e l e c t r o n  m icroscope.
The i n v e s t i g a t o r  shou ld  look f o r  th e  fo l lo w in g  
in fo rm a tio n  :
( i )  The s i t e  and manner o f  f r a c tu r e  i n i t i a t i o n .  The 
p o s s i b i l i t y  o f  a s in g le  type  o f  m a te r ia l  inhom ogeneity  
( b l o o d v e s s e l ,  r e s o r p t io n  c a v i ty ,  e t c . )  c o n s i s t e n t l y  a c t i n g  
a s  a f r a c t u r e  s i t e  i s  o b v io u s ly  an im p o rtan t f a c t o r .  So too  
i s  the converse ; a com ple te ly  random c h a r a c t e r i s t i c  o f  th e  
f r a c t u r e  s i t e  would sugges t t h a t  th e  e x is te n c e  o f  s t r e s s  
c o n c e n t r a t io n s  in  bone i s  i r r e l e v a n t  to  in -v iv o  f r a c t u r e .
( i i )  ’A dhesive1 o r  i n t e r f a c i a l - c r a c k  growth o c c u r r in g  
b e fo re  f a s t  f r a c t u r e .  A d i f f e re n c e  o f  f r a c t u r e  mechanism, 
s im i l a r  to  P i e k a r s k i ’ s o b s e rv a t io n s  ( 7 0 ) ,  would be  d e t e c t e d  
from the appearance o f  th e  f r a c t u r e  s u r f a c e s .  F u r th e r  ev idence  
o f  s u b c r i t i c a l  crackgrow th cou ld  be o b ta in e d  u s in g  a sy n c h ro n ise d  
lo a d  measurement and a c o u s t i c  em iss ion  c o u n te r .
( i i i )  Any g e n e ra l  changes in  f r a c t u r e  morphology which
may be a s s o c ia t e d  w ith  c rack  o r i e n t a t i o n ,  bone type o r  th e  
n a tu re  o f  th e  a p p l ie d  lo a d .
9«3 I n t e r n a l  Flaws
One o f  th e  m o tiv a tio n s  f o r  t h i s  s tudy  was t h a t  i n t e r n a l  
c a v i t i e s  may a c t  a s  s i g n i f i c a n t  s t r e n g th  red u c e rs  in  bone.
I t  was hoped t h a t  f r a c t u r e  mechanics would re v e a l  th e  d e t a i l e d  
mechanism by which t h i s  was b ro u g h t ab o u t .  U n fo r tu n a te ly ,  
i t  was d isc o v e re d  t h a t  bone i s  too h e te rogeneous  f o r  any 
a n a l y t i c a l  t r e a tm e n t ,  which can o n ly  t r e a t  i s o l a t e d  
d is tu rb a n c e s  w i th in  a continuum. C onsequen tly , l i t t l e  p ro g ess  
has been made in  t h i s  d i r e c t io n .
The h y p o th e s is  made in  C hapter 3> t h a t  l o n g i t u d i n a l l y  
o r i e n te d  b lo o d  v e s s e l s  c o n t r ib u te  s i g n i f i c a n t l y  to  th e  
a n is o t ro p y  o f  the  m a te r ia l  r e q u i r e s  f u r t h e r  work. A sim ple  
experim ent would b e  to  measure the  a r e a s  occup ied  by b lo o d  
v e s s e l s  f o r  lo n g i t u d in a l  and t r a n s v e r s e  s e c t io n s  u s in g  some 
form o f  ’ camera luc ida*  te c h n iq u e .  The d i f f e r e n c e  in  th e  two 
v a lu e s  can then  be compared f o r  the o v e r a l l  a n i s o t r o p i c  e f f e c t .
W ithin  the  co n tex t  o f  i n t e r n a l  f la w s ,  d e t a i l e d  work i s  
n e c e s s a ry  on the  o r i e n t a t i o n  o f  c o l la g e n  f i b r e s ,  e s p e c i a l l y  
around  the  c a v i t i e s .
For example, Boydes pho tographs (193) show t h a t  f i b r e s  
l i e  smoothly round th e  c a v i t i e s .  I f  t h i s  i s  j u s t i f i e d ,  an 
i n t e r e s t i n g  ’ i n - v i v o ’ consequence i s  su g g e s ted ,  in  t h a t  the  
f i b r e s  a re  a l ig n e d  round the  c a v i ty  to minimise th e  s t r e s s  
c o n c e n t r a t in g  e f f e c t .
Some form o f  a n a ly s i s  i s  th e r e f o r e  n e c e s s a ry ,  b o th  to  
d e f in e  the  l o c a l  f i b r e  arrangem ent and, g iven  t h a t  a r r a n g e -
ment, to  a s s e s s  the  l o c a l  s t r e s s  d i s t r i b u t i o n .
F i n a l l y ,  i t  must be remembered t h a t  one o f  the  f i r s t  
developments in  f r a c t u r e  mechanics was G r i f f i t h s  
p re o c c u p a tio n  w ith  th e  d isc re p a n c y  between th e  p r e d i c t e d  and 
measured s t r e n g th s  o f  a m a te r i a l .  In  b o th  m e ta ls  and  g l a s s ,  
the  d i f f e r e n c e  was due to  a s t r u c t u r a l  d i s c o n t in u i ty .  For 
g la s s  t h i s  took  th e  form o f  a c ra c k ,  f o r  m e ta ls  a d i s l o c a t i o n .
A q u e s t io n  then  im m ediately  p r e s e n ts  i t s e l f ;  has  t h i s  
d isc re p an cy  any re le v a n c e  to  bone? There e x i s t s  h e re  an 
immediate and fundam ental problem in  t h a t  i t  i s  beyond 
p r e s e n t  means to  e s t im a te  a t h e o r e t i c a l  s t r e n g t h  o f  b o n e .
Thus, i t  i s  n o t  known w hether a d isc re p an c y  even e x i s t s .
In t h i s  d i f f i c u l t  a r e a ,  i t  i s  on ly  p o s s ib le  to  be  r a t h e r  
s p e c u la t iv e .  I t  i s  p ro b a b le ,  however, t h a t  th e  maximum 
s t r e n g t h  w i l l  occur a t  th e  l e v e l  o f  a c o l la g e n  f i b r e  w ith  
a t t a c h e d  m in era l s in c e  t h i s  i s  the  b a s i c  b u i ld i n g  b lo c k  f o r  
bone.
R esearch  i s  th e r e f o r e  r e q u i r e d  to  d is c o v e r  th e  s t r u c t u r e  
o f  th e  m in e ra l /c o l la g e n  f i b r e  u n i t ,  the  n a tu r e  o f  th e  
i n t e r f i b r e  and c o l la g e n /m in e ra l  bond. Once t h i s  lias been 
ach iev ed , t h e o r e t i c a l  v a lu e s  f o r  t e n s i l e  s t r e n g t h s  may be 
e s t im a te d .  These may be  compared w ith  th e  e x p e r im e n ta l ly  
d e r iv e d  v a lu e s  and th e  d i f f e r e n c e s  w i l l  p ro v id e  im p o r ta n t  
c lu e s  as to  th e  sources  o f  weakness in  bone t i s s u e .
9.i+ C onclusions
I t  was f i r s t  dem onstra ted  t h a t  th e  s ta n d a rd  form o f  
f r a c t u r e  m echanics, known as  LEFM cou ld  n o t he m e an in g fu lly  
a p p l ie d  to  hone f r a c t u r e .  This was because th e  m a te r ia l  i s  
too  h e te ro g en eo u s . The th e o ry  r e l i e s  on a d e s c r ip t io n  of a 
continuum s t r e s s  d i s t r i b u t i o n  around  th e  c rack  t i p .  S ince 
any c rack  t i p  in  bone w i l l  be su rrounded  by numerous c a v i t i e s ,  
i n t e r f a c e s ,  zones o f  d i f f e r e n t  f i b r e  o r i e n t a t i o n  and m oduli, 
th e  continuum d i s t r i b u t i o n  w i l l  n o t  r e f l e c t  any r e a l i s t i c  
c rack  t i p  s t r e s s  f i e l d .
An ex c ep tio n  co u ld  be made, however, when LEFM was 
a p p l ie d  to bone specimens w ith  r e l a t i v e l y  l a r g e  m anufac tu red  
n o tc h e s .  Thus a t  th e  t i p  o f  th e  n o tc h ,  a re a s o n a b le  
approx im ation  to  a continuum s t r e s s  f i e l d  co u ld  be o b ta in e d  
sim ply by v i r t u e  o f  th e  f a c t  t h a t  th e  r e l a t i v e  s i z e  o f  th e  
d i s c o n t i n u i t i e s  were reduced  by the p resen ce  o f  th e  n o tc h .  
These experim en ts  co u ld  b e  u s e f u l  f o r  s tu d y in g  th e  e f f e c t s  
o f  a r t i f i c i a l  n o tc h es  in  bone, produced d u r in g  o r th o p a e d ic  
su rg e ry .
G r i f f i t h ’ s b a s i c  f r a c t u r e  c r i t e r i o n ,  g iv en  by
dF = 0 Where S i s  the  t o t a l  energy  o f  th e  c rac k ed  body 
and a th e  c ra c k le n g th ,  was a more u s e f u l  s t a r t i n g  p o in t  f o r  
th e  a p p l i c a t i o n  o f  f r a c t u r e  mechanics to  b o n e . This  was 
developed in to  th e  q u a s i s t a t i c  th e o ry ,  which had c e r t a i n  
p r a c t i c a l  advan tages over o th e r  th e o r i e s  f o r  th e  b a s i s  o f  a 
t e s t  method.
The t e s t  method measured a v a r i a b l e  R v/hich r e p r e s e n te d  
th e  work o f  f r a c t u r e  p e r  u n i t  c rack  a r e a .
E a r ly  t e s t  r e s u l t s ,  perform ed on l o n g i t u d i n a l l y  o r i e n t e d  
c ra c k s ,  dem onstra ted  th a t  c rack  growth was d is c o n t in u o u s ,  and 
t h a t  a sm all reg io n  o f  in c r e a s e d  o p a c i ty  formed around  the  
lo aded  c rack  t i p .  The re g io n  had  a s im i l a r  appearance  to t h e  
y ie ld in g  phenomenon r e p o r te d  by C urrey  ( 28 ) .
More d e t a i l e d  measurements showed t h a t  R in c r e a s e d  
l i n e a r l y  w i th  c rac k  ex ten s io n  f o r  th e  f i r s t  5 mm, t h e r e a f t e r  
t a i l i n g  o f f  to  a v a lu e  independan t o f  crack  e x te n s io n .  The 
e f f e c t  was s u c c e s s f u l ly  m odelled u s in g  a s im p l i f i e d  1 p u l l -o u t*  
model, whereby r e s i s t a n c e  to  f r a c t u r e  was produced by th e  
d isp lacem en t o f  a f o rc e  normal t o  th e  crack  f a c e .
I t  was a l s o  found  th a t  R in c re a s e d  w ith  crack  v e l o c i t y ,  
p ro b ab ly  in  a lo g a r i th m ic  f a s h io n .  T h is  was shown to  be 
com patib le  w ith  the  in f lu e n c e  o f  s t r a i n  r a t e  on t h e  more 
co n v e n tio n a l m echan ical p r o p e r t i e s  and a t t r i b u t e d  to  th e  
g e n e ra l  r h e o lo g ic a l  p r o p e r t i e s  o f  th e  m a te r i a l .
In  c e r t a i n  c a s e s ,  however, th e  c ra c k  went u n s t a b l e ,  
i n c r e a s in g  in  v e l o c i t y  ex trem ely  r a p id ly  and over  s e v e r a l  
o rd e rs  o f  m agnitude. Approximate c a l c u l a t i o n s  showed t h a t  
the  work o f  f r a c t u r e  i n  t h i s  case was s e v e re ly  reduced . 
Exam ination o f  th e  f r a c t u r e  s u r fa c e s  su g g e s te d  t h a t  a d i f f e r e n t  
mechanism had taken  p la c e  d u ring  c a t a s t r o p h i c  c ra c k  g row th .
I t  was dem onstra ted  t h a t  K endall*s  (1U1) concep t o f  
ad h es iv e  f r a c t u r e  during  slow crack  growth, and co h es iv e  
f r a c t u r e  f o r  f a s t  c rac k in g  p ro v id e d  an e x p la n a t io n  f o r  t h i s .
Crack e x te n s io n  fo llo w s  a p a th  o f  minimum en e rg y .  At 
low crack  sp eed s , i n t e r f a c i a l  f r a c t u r e  in  the  ad h e s iv e  mode 
s a t i s f i e s  t h i s  c r i t e r i o n .  The r a t e  o f  in c re a s e  o f  th e  work 
o f  f r a c t u r e  w ith  c rack  v e l o c i t y  i s  g r e a t e r  in  th e  a d h e s iv e
mode than  t h a t  o f  1 cohesive* f r a c t u r e .  At some v a lu e  o f  
c rac k  v e l o c i t y ,  t h e r e f o r e ,  the two become equa l and the  mode 
o f  f r a c t u r e  changes to  th e  * cohesive* mode, le a v in g  smooth 
f r a c t u r e  s u r fa c e s  a s  th e  c rack  p a s se s  in d i s c r im in a n t ly  a c ro s s  
th e  i n t e r f a c e s .
Appendix 1
C o n s is te n c y  of th e  ex ten s io n  measurement.
We w ish  to  show t h a t  6 t ru e  -  (^measured i s  n e g l i g i b l e ,
W _2Assume E f o r  s t a i n l e s s  s te 'e l  = 150 ONm” , and a nom inal 
lo a d  o f  10  kg.
I t  may he seen  t h a t ;
£  measured -  <5 t r u e  = S specimen support +
£  p in  (bending) + £  p in  ( s h e a r ) .
( i )  £  specimen su p p o r t
Assume an e q u iv a le n t  s t r u c t u r e  of a ro d  100 mm lo n g , 
d iam ete r  20 mm
= 100H t  (TT/I4. i).00mm2 . 150  x 109 N/M2 ) 100  mm
*= 0 .2  microns
( i i )  £  p in  ( sh e a r)
Q _ O
Assume G = 80 x 10^ Nm , where G = sh e a r  modulus.
P in  d iam ete r  = 3*2 mm 
T herefo re
9  “ I  A
Shear s t r a i n  « ( 8 o x l O  Nm“z ) x » o -^gx lo
p in  s h e a r  = 2 x  0 .7 8  x  1 0 ”^ x  i+ mm
= 0 .6 ^ v v j
( i i i )  p in  b e n d in g
Assume e q u i v a l e n t  l o a d i n g  a s  shown i n  f i g .  A6.  
Prom, e . g .  ( 9 1 )
£  p in  "bending = X L. where =. TT
* S CL
£  p in  bending = 2 x 1 .1  = 2.2yMvi 
Thus, measured -  £  time =&* 3 .0  y 40*1
(*) These v a lu e s  were o b ta in e d  from r e f .  91*
Appendix 2
The c o n d i t io n .
C onsider th e  c rack ed  specimen a s  shown in  f i g  A7*
Where X, u , a r e  th e  lo a d  and lo a d  p o in t  ex te n s io n  a p p l i e d  to  
i t ,  a th e  c rack  l e n g th  and t ,  d th e  c ro s s  s e c t io n  d im ensions .
For a c ju a s i s t a t i c  p ro c e s s ,  we have , from C hap te r  k 
Xdu = RdA + dA , v/here dA i s  t h e  change in  s t r a i n  ene rgy ,
R th e  s p e c i f i c  work o f  c ra c k in g  and dA th e  change in  c rac k  
a re a  produced by a work t r a n s a c t i o n  Xdu.
For a l i n e a r  e l a s t i c  m a te r i a l ;
d A  = Jd (X u ) , so t h a t  Xdu = |-d(Xu + RdA)
o r  2RdA = X2 . d ( | )
For a c o n s ta n t  th ic k n e s s  t ,
tR = * ) x  =
I f —the specimen i s  t r e a t e d  as  a p a i r  o f  c a n t i l e v e r  arm s, 
and u s in g  simple b end ing  th e o ry ;
For sm all d e f l e c t io n s
u. » X a ? ( 3 El ' )  ( s ee  e . g .  91)
Where E i s  the Young1 s modulus f o r  the  m a te r i a l ,  and I  the  
second moment o f  a re a  o f  one arm abou t i t s  n e u t r a l  a x i s .
''-i- C i  h. X)x = i  Xof ( ed"'
OCX. A
Xa. = Bending moment a t  the c rack  t i p  = M
For b o th  arm s;
r = 2.x j  M2- 
E l t
specimen
support
specimen
support
pin
Fig A6
d
d~
X
Fig A7
U s in g  s im p le  "bending th e o r y  a g a in ;
(T f l
w here CT i s  th e  s t r e s s  a c t i n g  a lo n g  th e  d i r e c t i o n
o f  th e  arms a t  a d i s t a n c e  y  from  th e  a x i s  o f  t h e  arm.
Maximum s t r e s s e s  w i l l  o c c u r  a t  t h e  o u t e r  e x t r e m i t y ,  o r  when 
•f d
a a ~ 2.
R E i b  = 4
d
Smce, I  s. b d s }
d - o ' c U  = 4 # ?CT Crub - OJZ
T h is  v a l u e  o f  t h e  h a l f  d ep th  o f  t h e  sp e c im e n  w i l l  j u s t  e n s u r e
t h a t  c r a c k in g  a n d  y i e l d i n g  w i l l  o c c u r  s i m u l t a n e o u s l y .  To
r e d u c e  th e  s t r e s s e s  to  b e lo w  th e  y i e l d  p o i n t ,
d >
For c o r t i c a l  b o n e ,
E = 20  GNm” 2 , sa y  
Olj = 8 0  Mm” 2 , s a y
—2 —2R e p o r te d  v a l u e s  o f  R v a r y  from  2 Jm t o  6 0 0  kJm
E a r ly  t e s t s  i n  t h e  p r e s e n t  i n v e s t i g a t i o n  h a v e  p r o d u c e d
-2v a l u e s  arou n d  1 0  KJm , u s i n g  th e  d o u b le  c a n t i l e v e r  
s p e c im e n .
-2  -2T hus, <ic r i t  = 3 x  20 GNm x  10  kJm = .0914. m
(8 0  MNm"2 ) 2
As t h e  h a l f  d e p th  u s e d  was 1 cm, t h e  c o n d i t i o n  was n o t
s a t i s f i e d ,  a n d  t h e  R v a l u e s  must b e  r e g a r d e d  a s  b e i n g  i n v a l i d .
H owever, b y  w a i s t i n g  th e  sp e c im e n ,  l a t e r  t e s t s  p r o d u c e d  a
-2new v a l u e  o f  R o f  a b o u t  2 kJm
From e a r l i e r  a n a l y s i s ,  we h ave
R E t  ®»3 Crat d  where t* i s  t h e  r e d u c e d  t h i c k n e s s .
In  t h i s  c a se ,  ■£, = 3
ER - SR
a-1 ’ ■ c r i t  ~ qy .
20  GITm"2 x  2 ,kJm~2 = Q0&25 Qp g #25 mm
c r i t  0 9
(8 0  H i  )
T h e r e f o r e ,  u s i n g  a h a l f  depth. o f  10 mm, and w a i s t i n g  t h e  
f r a c t u r e  p l a n e ,  t h e  d c o n d i t i o n  i s  s a t i s f i e d .
Appendix 3
M easurement o f  t h e  Youngs m odulus o f  Bone  
I n t r o d u c t i o n
Bone d o es  n o t  p o s s e s s  a w e l l  d e f i n e d  e l a s t i c  m o d u lu s .
As d i s c u s s e d  i n  C h a p ter  2 ,  h y s t e r e s i s  l o s s e s  a r e  p r e s e n t  i n  
a l l  h u t  th e  v e r y  l o w e s t  o f  s t r e s s e s .  H ow ever, s i n c e  th e  
o b j e c t i v e  o f  t h e  t e s t  was s im p ly  t o  p r o v id e  a m a t e r i a l  
i d e n t i f i c a t i o n  and w o r k in g  v a lu e  f o r  t h e  a p p a r e n t  s t i f f n e s s  
o f  t h e  m a t e r i a l  u s e d  i n  t h i s  s tu d y ,  i t  was f e l t  t h a t  th e  
m easurem ent o f  a ( l i n e a r )  t e n s i l e  m odulus was j u s t i f i e d .
For th e  m easurem ent o f  Youngs m odulus, a f o u r  p o i n t  
b e n d in g  t e s t  h a s  many a d v a n t a g e s .  Load a p p l i c a t i o n  i s  
s t r a i g h t f o r w a r d ,  w i t h  none o f  t h e  d i f f i c u l t i e s  a s s o c i a t e d  
w i t h  t e n s i l e  g r i p s  and ch a n g es  i n  sp ec im en  c r o s s - s e c t i o n .  
D e f l e c t i o n s  a r e  a l s o  l a r g e ,  w h ich  v a i l  im prove a c c u r a c y  f o r  
a g i v e n  f i x e d  e r r o r  i n  t h e  d e f l e c t i o n .
D e r i v a t i o n  o f  t h e  Youngs modulus from  t h e  e x p e r im e n t a l  
r e c o r d  i s  b a s e d  on s im p le  b e n d in g  t h e o r y .  T h is  r e q u i r e s  
s m a l l  d e f l e c t i o n s  (com pared  w i t h  t h e  s p a n ) ,  and s l e n d e r  b eam s.
' I f  t h e  r a t i o  o f  t h e  l e n g t h  o f  t h e  beam t o  i t s  d e p th  i s  
g r e a t e r  th a n  a b o u t  10  : 1 ,  c o n t r i b u t i o n  o f  t h e  s h e a r  s t r e s s e s  
may b e  ig n o r e d .
The sp ec im en  c o n f i g u r a t i o n  i s  shown i n  f i g  A l .  U s in g  
s im p le  b e n d in g  fo r m u la e ,  i t  may be e a s i l y  shown t h a t  t h e  
d e f l e c t i o n  u n d er  th e  l o a d s  i s  g i v e n  b y
6 ,  _ X _ c ' ( ^ - § e )  ( 91)
ETv
T12,7mm
5 0 .8  mm
12.7mm
b =  5mm  
d = 3m m
Fig A1
where E = Young*s modulus
V 4  k d 3
The s lo p e  on th e  l o a d  d e f l e c t i o n  c u r v e  ( s ]  
Then E = “t cj
Thus, f o r  L = 50.8  mm 
C = 1 2 .7  mm
S = x l . 1 3 6 5 .6  N/mm2
(S in  N/mm, I „  i n  mm )
M a t e r i a l s  a n d  M e th o d .
The b ase  m a te r ia l  was ta k e n  from th e  f r a c t u r e d  h a lv e s  
o f  d isc a rd e d  specimens u sed  in  the  q u a s i s t a t i c  t e s t s .  This 
was j u s t i f i e d  s in ce  i t  was shown in  C hapter 5 t h a t  the  
m a te r ia l  in  the  b u lk  o f  th e  specimen was n o t h ig h ly  s t r e s s e d .
The p ie c e s  were then ground  by hand , u s in g  a f i n e  grade 
o f  s i l i c o n  c a rb id e  paper  and s a l in e  a s  a l u b r i c a n t ,  to  th e  
dimensions shown in  f i g  A l.
A H o u n sf ie ld  ten so m e te r ,  fo u r  p o in t  bending  j ig .w a s  
f i t t e d  to  a 500 kg I n s t r o n  te n so m e te r ,  u s in g  a s u i t a b l e  
a d a p to r  to  f i t  in  th e  I n s t ro n  jaw s. Load was m easured on an 
I n s t r o n  lo a d  c e l l ,  th e  o u tp u t o f  which was fe d  to  a c h a r t  
r e c o rd e r .  E x tens ion  was n o t  measured in d e p e n d en t ly ,  b u t  
by the  u su a l  I n s t r o n  system o f  u s in g  synchronous m otors to  
d r iv e  b o th  c ro ssh ead  and c h a r t .
The specim ens, once thawed, were th e n  q u ic k ly  p la c e d  
in  th e  r i g  and lo ad ed  to  f a i l u r e  a t  a c ro ssh ead  speed o f  
1 .25 mm/min. A f t e r  t e s t i n g ,  th e  specimen c ro s s  s e c t io n  was 
measured a t  i n t e r v a l s  a long  i t s  l e n g th .
F i n a l l y ,  a l a rg e  ( 20 mm x i+0 mm c ro s s  s e c t io n )  p ie c e  
o f  m ild  s t e e l  was p la c e d  in  th e  j i g  and  lo a d ed  to  50 kg .
This was to measure th e  s t i f f n e s s  o f  th e  t e s t i n g  machine, 
which co u ld  be a llow ed  f o r  in  the c a l c u l a t i o n  o f  th e  d e f l e c t i o n  
o f  th e  lo a d  p o in t s .
R e s u l ts .
A re c o rd  of  th e  o b s e rv a t io n s  made in  the  t e s t  i s  shown in
_2Appendix 5* The mean v a lu e  of Youngs modulus was 1 8 . l\.0 MNm
-2w ith  a s ta n d a rd  d e v ia t io n  o f  1 .92  MNm
A p p e n d i x  k
T e s t s  o n  t r a n s v e r s e  c r a c k i n g .
With the  rem ain ing  time a v a i l a b l e  q u a s i s t a t i c  c ra c k in g  
t e s t s  were perform ed on t r a n s v e r s e ly  o r i e n te d  specimens.
For com parative p u rp o se s ,  the o b je c t  o f  th e se  t e s t s  was to  
i m i t a t e ,  as f a r  as  p o s s ib le ,  those  f o r  lo n g i t u d in a l  c ra c k in g .
A cc o rd in g ly , 15 specimens were machined from 3 bovine 
fem ora, u s in g  th e  method d e s c r ib e d  in  C hap ter  5 . Due to  th e  
l i m i t a t i o n s  in  s i z e  o f  th e  d ia p h y s is ,  i t  was on ly  p o s s ib le  
to  produce specimens w i th  a t o t a l  c ra c k le n g th  o f  25 mm. The 
f i n a l  specimen shape can be  seen in  f i g  A2. I t  was p o s s i b l e ,  
however, to  o b ta in  a maximum o f  8 specimens f o r  each  d ia p h y s is .
The specimens were then  f r a c t u r e d  a t  a c ro ssh e a d  speed 
o f  0.125 mm/min, u s in g  th e  t e s t  method d e s c r ib e d  in  C h a p te r  5 .
R e s u l t s .
Of the 15 specim ens, 8 f r a c t u r e d  u n s ta b ly  v e ry  soon 
a f t e r  the  crack  began to  move, and th e  e x te n t  o f  s t a b l e  
c ra c k in g  on th e se  specimens was too sm all to  o b ta in  any 
measurements. A l l  the  rem ain ing  specimens produced s t a b l e  
c rack s  f o r  an e x te n s io n  o f  o n ly  5 -  10 mm b e fo r e  i n s t a b i l i t y .
F ig u re  A3 shows t h a t ,  o v er  th e  l im i t e d  range o f  s t a b l e  
c rack  ex te n s io n  o b ta in e d  in  th e  t e s t ,  th e  work o f  f r a c t u r e  
in c re a s e d  c o n s id e ra b ly  w ith  c rack  e x te n s io n .  The r a t e  o f  
in c re a s e  of  work o f  f r a c t u r e  in  the  t r a n s v e r s e  d i r e c t i o n  was 
c o n s id e ra b ly  g r e a t e r  than t h a t  in  the  l o n g i t u d in a l  d i r e c t i o n .  
This i s  shown s c h e m a t ic a l ly  in  f i g  AU.
3 .2  dia16.19
3.81
3.81
16.19
D im en s io n s  in mm
3.2 dia
Fig A2
4 .0  «
3 .0  -
R = 0 .9 2 a  + 0 .3 5 2  KJm2.0  ■
1.0 -
Crack e x t e n s i o n  (mm)
Fig A3
Mean v a lu e s  of work of f r a c t u r e ,  c rack  e x te n s io n  and  
c rack  v e l o c i t y  were c a lc u l a te d  and u sed  to  p l o t  th e  graph 
shown in  f i g  A5* Using th e  l e a s t  sq u a re s  method, lo g  R was 
r e g r e s s e d  on lo g  ( a ) .  The h e s t - f i t  l i n e  was c a l c u l a t e d  a s
log  R = 0,12+8 lo g  a + 0,638
This i s  v e ry  s im i la r  to  the  R/a r e l a t i o n s h i p  fo r  
lo n g i t u d in a l  c ra c k s ;
lo g  R = .152 lo g  c + O.3 6
Longitudinal
Cracking
a
Fig A4
3.16 -
.032 .05 .079 .126
Crack velocity (mms”')
2 .316
Fig A5
Work of Fracture and Crack Extension
A lthough the observed  c rack  e x te n s io n  in  t r a n s v e r s e  and  
lo n g i tu d in a l  c ra c k in g  ap p eared  to he s im i l a r ,  s e v e r a l  
im p o rtan t d i f f e r e n c e s  were n o t i c e d .  The c h a r a c t e r i s t i c  
opaque zone which developed around th e  no tch  t i p  w ith  
in c r e a s in g  lo a d  was a ls o  observed  f o r  t r a n s v e r s e  c ra c k in g ,  
a l th o u g h  a t  a reduced  l e v e l .  Note t h a t  the  R /a curve ( f i g  
A3) does n o t  pass  th rough  R = 0 a t  a p o s i t i v e  va lue  of c rack  
e x te n s io n .  T h is  su g g e s ts  t h a t  th e  low energy debonding 
mechanism o f  reg io n  I  f o r  lo n g i tu d in a l  c rack in g  (see  C h ap te r  
7) does n o t take  p la c e .
There was more secondary c rac k in g  p e rp e n d ic u la r  to  th e  
main crack o r i e n t a t i o n ,  which tended  to le a v e  a rougher 
f r a c t u r e  s u r fa c e  ( f i g s A 8 ,  A9 ) .  I t  was a l s o  d i f f i c u l t  to  
observe any b r id g in g  m a te r ia l  a c ro s s  the  crack f a c e s ,  
s t r o n g ly  c h a r a c t e r i s t i c  o f  l o n g i t u d i n a l  c ra c k in g .
The work o f  f r a c t u r e  f o r  t r a n s v e r s e  c ra c k in g  in c re a s e d
c o n s id e ra b ly  w ith  c rack  e x te n s io n ,  a l th o u g h  i t  was n o t known
w hether th e  in c re a s e  was independan t o f  p reno tch  l e n g th ,  due
to  th e  l im i t e d  d a ta  a v a i l a b l e .  The r a te  o f  in c r e a s e  i s  much
- 2g r e a t e r ,  however, f o r  t r a n s v e r s e  c ra c k s ;  0 .92  Nmm a s
—2compared w ith  0.3^6 Nmm .
A lthough th e re  was no co n c lu s iv e  ev idence to d em o n stra te  
th e  e x i s te n c e  o f  b r id g in g  m a te r ia l  a c ro s s  the  c rack  f a c e s ,  
the rough f r a c t u r e  su r fa c e  su g g es ts  t h a t  a s im i l a r  mechanism 
i s  r e s i s t i n g  crack  e x te n s io n  by r e s t r a i n i n g  c rack  open ing .
S ince the f i b r e  o r i e n t a t i o n  i s  ap p ro x im a te ly  p e r p e n d ic u la r  
to  th e  main c rack  e x te n s io n ,  c rack  r e s t r a i n t  i s  more e f f i c i e n t ,  
w i th  th e  f i b r e s  ab so rb in g  lo a d  in  d i r e c t  te n s io n .  Energy w i l l
. .
. V
o n g i t u d i n a l  c r a c k
Fig A8 1mm
t r a n s v e r s e  crack
Fig A9 1mm
"be abso rbed  through a mechanism c lo s e ly  r e l a t e d  to  f i b r e
p u l lo u t ,  as d isc u sse d  in  C hap ter  7*
Using e x p re s s io n  7*1* an<3- a mean crack an g le  f o r  t r a n s -
-1
v e rs e  specimens o f  ta n  0 ,0 2 1 , the  c a lc u l a t e d  v a lu e  f o r  th e  
r e s t r a i n i n g  s t r e s s  i s
fT  = 0 .92  Nmm-2 = 21 .9  MNnT2
2 x .021
-2T his  compares w ith  7 Mm f o r  lo n g i t u d in a l  c ra c k s .
S ince th e  r e s t r a i n i n g  e f f e c t  a c ro s s  th e  crack  i s  
p r i n c i p a l l y  due to  d i r e c t  te n s io n  i n  th e  f i b r e s ,  i t  might be 
ex p e c te d  t h a t  f r a c t u r e  o f  t h e  f i b r e s  would occu r  a f t e r  l e s s  
d isp lacem en t o f  th e  c rack  f a c e s  than when th e y  were s u b je c te d  
to  bend ing  and sh ea r  s t r a i n  in  th e  l o n g i t u d i n a l  c r a c k s .
Consequently-, the  R- curve f o r  t r a n s v e r s e  f r a c t u r e  would 
in c re a s e  more r a p id ly  and l e v e l  ou t to  i t s  ” s te a d y  s t a t e ” 
v a lu e  over a s h o r t e r  i n t e r v a l  o f  c rack  e x te n s io n .  This rem ains 
to  be dem onstra ted  by ex p erim en t.
Crack Stability
Perhaps th e  g r e a t e s t  d i f f e r e n c e  between lo n g i t u d in a l  
and t r a n s v e r s e  c ra c k in g ,  was th e  co n s id e ra b le  drop in  c rack  
s t a b i l i t y .  The rea so n s  f o r  t h i s  may be  seen, from an 
exam ination  o f  the  s t a b i l i t y  c r i t e r i o n  f o r  monotonic lo a d in g  
o f  a d isp lacem ent c o n t r o l l e d  machine,
Thus, f o r  g iven  specimen geom etry , s t a b i l i t y  i s  reduced  a s  
R i n c r e a s e s .  In  t h i s  in s t a n c e ,  however, th e  r e d u c t io n  i s
a l th o u g h  by th e  argument m entioned above, t h i s  w ould on ly  
be t r u e  fo r  a s h o r t  i n t e r v a l  o f  c ra c k in g .  In d eed , o f  th o s e  
specimens which showed any s t a b l e  c ra c k in g ,  a l l  s u f f e r e d  
i n s t a b i l i t y  a f t e r  l e s s  than  10 mm.
Changing th e  specimen geometry has a lso  had a d e t r i ­
m ental e f f e c t  on crack s t a b i l i t y .  In  C hap ter  5 i t  was 
dem onstra ted  t h a t  a double c a n t i l e v e r  specimen was c o n s id e ra b ly  
more s t a b l e  than a s in g le  edge n o tc h e d  specimen. M oreover, 
s t a b i l i t y  was improved as  th e  p o s i t i o n  o f  th e  lo a d  p o in t s  
became n e a r e r  to  the c rack  f a c e s .
When th e  le n g th  o f  th e  double c a n t i l e v e r  specimen i s  
red u ced , a s  f o r  th e  t r a n s v e r s e  t e s t  p i e c e s ,  th e  shape tends  
to  th e  s in g le  edge n o tc h  and , f o r  a g iv e n  specimen w id th ,  
the  lo a d  p o in ts  become r e l a t i v e l y  f u r t h e r  a p a r t .  S t a b i l i t y  
i s  thus  reduced .
O
4 .8
dRo f f s e t  by the  in c r e a s e d  v a lu e  o f  -rr f o r  t r a n s v e r s e  c ra c k in g ,
Crack V e l o c i t y  E f f e c t s .
The e x p o n e n t i a l  r a t e  o f  i n c r e a s e  o f  R w i t h  c r a c k  
v e l o c i t y  a p p e a r s  to  h e  s i m i l a r  f o r  b o t h  cra ck  o r i e n t a t i o n s .
W ith  o n ly  p r e l im in a r y  d a ta  a v a i l a b l e ,  h o w e v e r ,  i t  w o u ld  h e  
u n w ise  t o  draw any f ir m  c o n c l u s i o n s  from t h i s ;  t h e  c o i n c i d e n c e  
b e tw e e n  th e  two r a t e s  may s im p ly  h e  f o r t u n a t e .
The c a l c u l a t e d  v a lu e  o f  th e  r a t e  o f  i n c r e a s e ,  from  
e q u a t io n  8 . 5
M . 0-11 
^  B o .
was b a s e d  on d a ta  from  l o n g i t u d i n a l l y  o r i e n t e d  s p e c im e n s ,  
s i n c e  none was a v a i l a b l e  f o r  t h e  r a t e  o f  i n c r e a s e  o f  E and  
th e  U.T.  S. f o r  t r a n s v e r s e l y  o r i e n t e d  sp ec im en s'.  More d a ta  
i s  c l e a r l y  n e c e s s a r y  on th e  i n f l u e n c e  o f  s t r a i n  r a t e  on th e  
s t r e n g t h s  and s t i f f n e s s e s  o f  b on e sp e c im e n s  a t  d i f f e r e n t  
o r i e n t a t i o n s .
APPENDIX 5 -  RECORD OP OBSERVATIONS 
QUASISTATIC TESTS (LONGITUDINAL CRACKS) 
CRACK EXTENSION TESTS 
BENDING TESTS
CRACKLENGTH MEASUREMENT TESTS 
TRANSVERSE CRACKING.
QUASISTATIC TSSTS (LONGITUDINAL CRACKS)
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